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ANALYSIS OF FLIGHT DATA ON BOUNDARY LAYER 
TRANSITION AT HIGH ANGLES-OF-ATTACK 
By  Wayne W. Haigh , Bruce M. Lake and Denny R. S. .KO 
TRW Systems Group 
I. INTRODUCTION 
The ef fec t  of vehicle angle-of-attack on boundary layer t ransi t ion has 
received considerable attention i n  recent years. Particular interest is 
now focused on the space shuttle program i n  which angles-of-attack as 
h igh  as 60 degrees are envisioned for the vehicle reentry attitude. Aero- 
dynamic heating considerations, which are directly affected by the alt i tude 
a t  which the boundary layer becomes turbulent, are of major importance in 
the design of these shuttle vehicles. As a resu l t ,  boundary layer transition 
c r i t e r i a  which must be developed for this application will play an  important 
role in determining the requirements and the type of heatshield materials 
(either heat sink or ablative).  
In sp i t e  of the  e f for t  expended t o  date on this  phenomenon, the laminar 
boundary layer transition process has defied the development of a 
successful  theoretical  analysis.  Consequently,  the bulk of the knowledge 
accumul ated on boundary 1 ayer  transition has re1 i ed almost  enti  rely on 
experimental da ta .  Unfortunately,  the  majority of these da ta  are not  
directly applicable t o  the design of space shuttle vehicles because of 
inadequate simulation of vehicle attitude and fl ight conditions.  
Boundary layer transit ion da ta  which are applicable t o  this  problem were 
recently obtained from onboard instruments during the flights of two similar 
reentry vehicles. One vehicle entered the atmosphere a t  a small angle-of- 
attack, while the other entered a t  h i g h  angle-of-attack. The analysis 
of acoustic sensor,  electrostatic probe, and base pressure da ta  from these 
two f l i gh t s  forms the primary basis for the present study. The f i r s t  
phase of this study, performed i n  the period from June 1970 t o  November 
1970, was based on the analysis of acoustic sensor and base pressure da ta .  
The study program was then extended t o  include the analysis of e lec t ros ta t ic  
probe da ta  and the presentation of thermocouple da ta .  T h i s  second phase 
o f  the study was performed during the period from November 1970 t o  
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February  1971. 
S e v e r a l  a s p e c t s  o f  t h e  f l i g h t  t e s t  program from which these data were 
obta ined  are   c lassi f ied.   Consequent ly ,   a  number o f  the   re ferences and 
some other information which is  necessary for  the documentat ion of t h i s  
study  are".contained i n  Reference 3 ,  a  c l a s s i f i e d  addendum t o  t h i s  r e p o r t .  
- 2- 
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11. REENTRY VEHICLES AND FLIGHT CONDITIONS 
The boundary layer t r a n s i t i o n  data which formed the basis for this study 
were obtained from onboard instruments d u r i n g  the f l ights  of two similar 
reentry vehicles. 
2.1 REENTRY- VEHICLES 
The reentry vehicles were bo th  slender conical nonablating vehicles which 
had 0.1-inch radius graphite nose t ips  and 4-inch radius base shoulders. 
Speci a1 precautions were taken prior t o  each f l i gh t  t o  ensure a clean and 
smooth vehicle surface. Flight 1 entered the atmosphere a t  a h igh  angle-of- 
attack, while Flight 2 entered a t  a low angle-of-attack flight. A 
detailed description of these reentry vehicles, the launch system, and the 
performance of the vehicles is contained i n  References 1 and 2 for Flights 
1 and 2 ,  respectively. 
Preflight predictions of nose shape 
the vehicle nose radius would blunt 
a l t i tude  of 30.5 km (100 k f t ) .  Add 
predictions and the effects of nose 
are included in Reference 2. 
2.2 VEHICLE  FLIGHT  CONDITIONS 
change d u r i n g  reentry indicated t h a t  
from 0.1-inch t o  about  0.2-inch a t  an 
itional information on bo th  these 
bluntness on boundary layer transit ion 
The major pa r t  of this study was based on an analysis of the tes t  da t a  
from Flight 1 ,  while the da ta  from F l i g h t  2 were analyzed t o  provide a 
baseline for interpretation of the h i g h  angle-of-attack transition d a t a .  
In a d d i t i o n  t o  the boundary layer transition da ta  from these n o n a b l a t i n g  
heatshield vehicles, boundary layer transition altitudes are presented for 
F l i g h t  3,  a low angle-of-attack flight w i t h  an ablating heatshield. 
The t ra jector ies  of the two nonablating reentry vehicles were very similar 
as shown  by their  veloci ty/al t i tude character is t ics  i n  Figure 1 of the 
addendum. Flight 1 vehicle velocity and a l t i tude as a function of 
time a f t e r  l i f t o f f  (TALO) are presented i n  Figure 2 of this  addendum. 
-3- 
F l i g h t  1 entered the atmosphere a t  a large angle-of-attack. The aerodynamic 
forces reduced the vehicle total angle-of-attack from  36 degrees a t  61 km 
(200 k f t )  t o  about 9 degrees a t  30.5 km (1 00 k f t )  . The vehicle total  
angle-of-attack was as large as 67 degrees a t  an a1 t i tude of about 80 km 
(TAL0 of 1627.4 seconds) as shown i n  Figure 1. A polar angle-of-attack 
history (pitch angle-of-attack versus yaw angle-of-attack) is given i n  
Figures 2a  nd 2b. This vehicle had  a near constant roll rate of about 
15 rpm d u r i n g  reentry as shown  by the roll angle history i n  Figure 3. The 
vehicle attitude angles are defined i n  Figure 4.  
Flight 2 ,  the  other  f l ight  w i t h  a nonablating vehicle, entered the atmosphere 
a t  an angle-of-attack of less than 1 degree. As a r e su l t ,  the boundary 
layer transit ion data from this f l i g h t  were analyzed assuming tha t  the  
vehicle was a t  zero angle-of-attack. 
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111. DESCRIPTION OF SENSORS 
The boundary layer transition data which forms the primary basis for  this 
study were obtained from acoustic sensors and, e lec t ros ta t ic  probes flush- 
mounted on the vehicle conical surface and pressure sensors mounted on the 
vehicle base. A description of the acoustic sensors, including the sensor 
locations and information on the calibration procedures, are presented 
below in Section 3.1 while equivalent descriptions of the base pressure 
sensors,  el  ectros  tati c  probes and thermocouple instal  1 a t i  ons are  presented 
i n  Sections 3.2, 3.3 and 3.4, respectively. 
3.1 ACOUSTIC SENSORS 
3.1.1 Acoustic  Sensor Design 
The purpose of the acoustic sensors was t o  provide a direct  and accurate 
measurement of the boundary layer transition a1 t i  tude and t o  monitor 
the sound pressure level during boundary 1 ayer transition t o  turbulence. 
In general, the use of an acoustic sensor for detecting transition has 
certain advantages over other well known methods. The  sound pressure level 
in the boundary layer shows directly whether the boundary 1 ayer i s  1 aminar 
o r  turbulent. Also the measurement i s  l oca l ,  i . e . ,  the  signal  originates 
from a small  region  in  the neighborhood of the sensing element.  Further- 
more, the instrument response is rapid,  essenti  a1 ly the same as the frequency 
response of the transducer (typically, up t o  200 kHz).  
The sensor system was designed t o  minimize the signal 1 osses and phase 
lags between the sensor and the boundary layer wall pressure fluctuations, 
while protecting the sensor itself from excessive heating and contamination. 
A heatshield coupled sensor system with the transducer located below a 
vibrating element comprised of heatshield material was found t o  provide 
the best acoustic sensor design. Additional background information on 
acoustic sensors and the rationale for selecting a heatshiel d coupled 
system instead of a heatshield cavity sensor is contained i n  Reference 4. 
The design constaints required the sensors t o  be capable of monitoring 
a root-mean-square pressure fluctuation (more cononly termed sound pressure 
level - SPL) of a t  l ea s t  120 db referenced t o  0.0002 dynes/cm , i n  a 2 
- 5- 
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ssion line wa 
frequency spectrum between 10 and 200 kHz. 
For F1 i g h t s  1 and 2 the enti re acoustic transmi .s made of 
beryl1 ium because its acoustic impedance was almost equal t o  t h a t  of the 
lead-zirconate-ti tanate piezoelectric transducer. The acoustic line was 
supported by a se r ies  of springs and was provided w i t h  a se r ies  of plate 
radiators, as shown i n  Figure 5, t o  dissipate the heat generated a t  the 
sensing t i p  by aerodynamic heating. 
The t i p  of the sensing element was  made of Teflon for the Flight 3 acoustic 
sensors. I t  was coupled t o  a magnesium impedance-matching l ine whose 
acoustic impedance was between t h a t  of Teflon and the piezoelectric trans- 
ducer. The transmission  line was horn-shaped t o  further improve the 
acoustic match. The piezoelectric element was back-loaded  with a s ta inless  
steel  plate whose  mass  was such that  i t  d i d  n o t  resonate in the 10 t o  200 
kHz frequency band. 
A surrounding plug housed the t i p  of the acoustic 1 ine on the vehicle 
and was therefore made of the same material as the vehicle heatshield. 
Isolation o f  the acoustic line from local heatshield vibrations was 
accomplished by allowing a radial clearance between the plug and the l ine.  
This a1 1 owed the exposed t i p  of the acoustic 1 ine t o  be the pickup area 
of the  sensor. For all practical purposes, the transducer was sensit ive 
only t o  frequencies in the 10 kHz t o  200 kHz band and only t o  those 
signals t h a t  originated in a small region of the boundary layer in the 
neighborhood of the sensing tip. 
The transducer assembly was a sealed, self-contained package,  as shown i n  
Figure 6, t h a t  was completely checked o u t  and calibrated i n  the laboratory. 
3.1.2 Acoustic Sensor Electronics 
The acoustic sensor system converts the detected acoustic energy into an 
equivalent electrical energy which  was then transmitted t o  the ground via 
a da t a  1 ink. The sensor was connected through a coaxi a1 cable t o  a remote 
amplifier. The functions o f  the amplifier were to amplify, rectify, and 
average the signal. The amount of signal amplification was determined by 
the  estimated magnitude of the sound pressure level t o  be measured. The 
frequency response characterist ics of the amp1 i f i e r  were tailored t o  the 
sensor response characteristics. 
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Each sensor-amp1 i f ier  channel contained a r ec t i f i e r  and f i l t e r   t o  produce 
an averaged signal proportional to the sound pressure level detected i n  the 
190 kHz bandwidth of the system. The o u t p u t  of the amplifier and f i l t e r  
system was zero for no s ignal ,  and the nominal full-scale signal value was 
+5 volts dc. The system calibration of a  channel  gave, as a function of 
frequency, this dc output voltage for a specified i n p u t  sound pressure 
leve l  a t  the surface of the vehicle. By use of the calibration as a 
function of frequency, the integrated system calibration could be determined 
for  a random i n p u t  having either an assumed f l a t  spectrum o r  any other 
known spectrum. 
3.1.3 Acoustic Sensor Testing and Calibration Procedures 
Each sensor was subjected to a rigorous schedule of calibration and 
environmental t e s t s .  The cal ibration tests were performed f i r s t  according 
t o  a schedule specified i n  Reference 5. A sequence  of  environmental t e s t s  
(see References 6 and 7 for detai 1s) were then performed and were followed 
by a  complete  recheck of transducer calibration. Random vibration tests 
conducted on the acoustic sensors are described i n  Reference 8. 
Sensor preflight calibration was carried out i n  three separate stages: 
0 Sensi t ivi ty  of the sensor to acoustic stimulation was determined. 
0 Voltage  gain a t  the amplifier was determined as a function of 
frequency over the frequency range of 10 kHz to  200  kHz. 
0 Calibrations were  combined to  provide an overall system calibration. 
The transducers were calibrated i n  a small anechoic chamber equipped w i t h  
loudspeakers tha t  could generate sound pressure levels i n  excess of 120 db 
i n  the frequency band of 10 t o  200 kHz.  The standard of comparison was 
a calibrated BK-4135 capacitor microphone. The mi crophone housing was 
mechanically interchangeable w i t h  the flight transducer assembly, f i t t i n g  
i n t o  a plate  made of the same material as the heatshield. 
The output of the calibrated reference microphone was measured both before 
and a f t e r  the transducer calibration measurement; before and a f t e r  micro- 
phone readings had to  agree to w i t h i n  1.5 db for  the cal ibrat ion to  be 
considered valid. The frequency response of the transducer was measured 
in the 10 kHz to 200 kHz band a t  a constant voltage i n p u t  t o  the acoustic 
-7- 
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driver corresponding t o  a sound pressure level of 120 db. The data was 
.broken down i n t o  19 bands of 10 kHz bandwidth,  and the average sound 
pressure response i n  each band  was determined by graphically integrating 
the data in the band. The resulting nineteen calibration points were .then 
corrected for the response of the acoustic chamber and the calibration 
m i  crophone t o  obtain  the  corrected  transducer  cal  i  bration. 
The calibration of the acoustic sensor system was obtained by combining 
the corrected transducer calibration with the frequency response of the 
amplifier  associated  with  the  transducer. The overall  full-scale  transducer 
calibration was then obtained by combining the nineteen segments of da t a  
t o  determine the overall sound pressure level produced by a signal in the 
10 t o  200 kHz range. 
A f inal  response check was  made on each acoustic sensor fol lowing 
instal la t ion i n  the flight vehicle. The check was based on recording  the 
response of the transducers t o  stimulation by a piezoelectric driver disk 
bonded t o  the front face of the sensor. A1 t hough  essent ia l ly  qual i ta t ive 
i n  nature, this check indicated t h a t  a l l  sensors on Flights 1 ,  2 ,  and 3 
were functioning properly following installation i n  the vehicles. 
3.1.4  Acoustic  Sensor  Characteristics 
Nominal specifications for the acoustic sensors on F1 ights 1 and 2 are 
presented in Table I. The maximum o u t p u t  levels or saturation levels vary 
between 145 and  160 db depending on the amplifier ga in  setting. Full-scale 
outputs for each sensor are given in Table 11. 
3.1.5 Acoustic  Sensor  Locations 
The locations of the three acoustic sensors on F l i g h t  2 were identical 
t o  those on Flight 1. Two of the three sensors were  mounted on the conical 
surface of the reentry vehicle a t  s ta t ion 166 which i s  near the base of the 
vehicle, while the t h i r d  was  mounted near the midpoin t  a t  s ta t ion 88. One 
of the base sensors and the midcone sensor w a s  mounted approximately along 
a single ray while the two base sensors were diametrical'ly opposed.  Exact 
sensor locations are given in Table 11; the locations of the sensors are 
also shown in Figure 7. 
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3.2 BASE PRESSURE GAUGE 
3.2.1 Pressure Gauge Design 
The purpose o f  t h e  p r e s s u r e  gauge was t o  measure the ambient pressure i n  
t h e   r e c i r c u l a t i o n   r e g i o n   o f   t h e   r e e n t r y   v e h i c l e   f o r  a range o f  a1 ti tude 
dur ing  reent ry  f rom 65.5 km (215 k f t )  t o  30.5 km (100 k f t ) .  The pressure 
gauge incorpora ted  a dual  range capabi l i ty  (0.01 p s i a  and 0.05 p s i a  f u l l  
scale)  through  the use o f  two amp l i f i e rs .  The pressure  capsule  consisted 
o f  a t h i  n , st ressed ti t a n i  urn diaphragm welded between two t i t a n i u m  a1 l o y  
r i ngs .  On e i t h e r  s i d e  o f  t h e  diaphragm was a quar tz  d isk  p repared w i th  a 
concave  surface. The concave surfaces were  coated  with a th in,  evaporated 
c o a t i n g  o f  aluminum. Each aluminum surface  formed a capac i to r  w i th  the  
t i t a n i u m  diaphragm. When a pressure d i f ference ex is ted across the membrane, 
i t  bowed i n  the  d i rec t i on  o f  t he  p ressu re  g rad ien t ,  i nc reas ing  one 
capacitance and decreasing the other. 
I n t e g r a t i o n  o f  t h e  gauge i n  t h e  i n s t r u m e n t a t i o n  package was accomplished 
w i t h o u t  a t t a c h m e n t  o f  t h e  u n i t  t o  t h e  a f t  c o v e r .  A s h o r t  l - i n c h  l e n g t h  
o f  s t a i n l e s s  s t e e l  b e l l o w s  w i t h  an ins ide d iameter  of 0.085 inch  was used 
as t h e  p r e s s u r e  i n l e t  l i n e .  The bel lows assembly was spr ing loaded against  
t he  veh ic le  a f t  cove r  i n  o rde r  to  ma in ta in  the  sens ing  aper tu re  f l ush  w i th  
the  ou ts ide  sur face .  To e l im ina te  g - load ing  e f fec ts  on t h e  t h i n  diaphragm 
o f  t h e  gauge, the t ransducer was mounted so t h a t  t h e  p l a n e  o f  t h e  diaphragm 
was p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  r e e n t r y  v e h i c l e .  
3.2.2  Pressure Gauge E lec t ron i cs  
A t ransducer  br idge was used to  conver t  the capaci tance d i f ference 
(C l -C2)  i n t o  an analog  dc  vol tage  proport ional   to  the  pressure.  One 
a m p l i f i e r  p r o v i d e d  a 5-vdc o u t p u t  a t  0.01 ps ia  and the  o ther  es tab l i shed a 
5-vdc o u t p u t  f o r  t h e  0.05 p s i a  range. A block diagram of the pressure 
gauge i s  shown i n  Figure 8. 
3.2.3 Pressure Gauge Locat ion 
The h igh a1 t i t u d e  base pressure gauges were l o c a t e d  a t  a r a d i a l  p o s i t i o n  
about 0.54 o f  a base rad ius f rom the vehic le  center l ines.  The exac t  
l oca t i ons  o f  t he  p ressu re  gauges on the  veh ic le  bases f o r  F l i g h t s  1 and 2 
are  presented i n  Tab1 e I1 I .  
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3.3 ELECTROSTATIC PROBES 
3.3.1 Electrostatic Probe Design 
3.3.1.1 Basic Measurement 
The e lec t ros ta t ic  probes were designed primarily t o  obtain estimates of 
boundary layer charged par t ic le  number densit ies,  Each e lec t ros ta t ic  
probe consisted of a ramp biased collector electrode and a return 
electrode grounded t o  the vehicle structure. The probe current-voltage 
characterist ics (the variations o f  col lected currents w i t h  changes i n  
probe collector bias potential) provide a measure of the surface gradients 
of the boundary layer charged species concentrations. These  measured 
probe characteris  t ics,  combined wi t h  an analysis of the boundary 1 ayer 
flow over a probe surface, can therefore be used t o  estimate the charged 
par t ic le  number densit ies and fluxes i n  a hypersonic boundary layer. A 
typical current-vol tage characteristic, such as t h a t  shown in Figure 9, 
shows l i t t l e  var ia t ion  of the collected current with increased probe bias 
potential a t  large bias potentials. The current levels measured when this  
occurs are referred t o  as saturation currents. The positive probe satura- 
tion currents are directly related t o  the surface gradients of the boundary 
layer charged species concentrations, as shown below: 
where 
C+ = positive ion mass fraction 
D = diffusion  coefficient 
e = electron charge 
' j  = current  density 
m = mass  of atomic o r  ionic species 
Re = Reynolds number = p VX/p 
Sc = Schmidt number = p/pD 
V = velocity component para1 le1 t o  cone surface 
X = axial  distance t o  probe s ta t ion 
z = Chapman-Rubesin parameter (= pp/p6p6)  
-1 0- 
1/2 y 
x 0 P6 
q = boundary layer normal distance parameteP= 1.225 (Re) dy 
p = viscosity 
p = density 
Superscripts 
* = normalized ni t h  respect t o  maximum value 
Subscripts 
m = a t  the probe sheath outer edge 
p = a t  the 1 ocation of peak i o n  mass fraction 
s a t  = a t  saturation conditions 
6 = a t  the boundary layer outer edge 
Details concerning this application of the electrostat ic  probes flown on 
these vehicles can be found i n  References 9 through 12. 
In add i t ion  t o  providing a means of specification of boundary layer plasma 
charged par t ic le  number densit ies,  i t  has been found t h a t  the probe data 
( i n d i v i d u a l  current-vol  tage  characteri s ti cs as we1 1 as  saturation  current 
density histories) can be used t o  investigate a variety of important 
phenomena, including boundary 1 ayer transition. 
3.3.1.2 Transition Detection 
The coll  ected probe current is dependent upon ambipol ar  boundary 1 ayer 
properties, particularly gas densit ies,  charged particle profile shapes, 
peak charged particle densit ies,  and transport properties. \ t i  t h  the onset 
o f  boundary layer transition these properties can be expected t o  fluctuate. 
Similar fluctuations can therefore be expected i n  the saturation currents 
collected by the probes (as can be seen from the above equation relating 
saturation  currents t o  boundary layer  properties).  Fluctuations  are 
evident i n  lor., a1 ti tude probe current-vol tage characteristics (see Figure 
10). Correlation of the onset of such fluctuations i n  the  e lectrostat ic  
probe data w i t h  t ransi t ion indications from other onboard sensors shows 
t h a t  the electrostat ic  probes are indeed responding t o  boundary 1 ayer 
transition (see Section 4.2.7). 
3.3.1.3  Probe Design 
Figure 11 shows e lec t ros ta t ic  probes of the type which  were flush-mounted 
w i t h  the heatshields o f  Flight vehicles 1 and 2. Each probe was mounted 
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w i t h  i ts return electrode downstream  of the collector electrode. The 
electrodes were made of tungsten w i t h  platinum plated outer surfaces. The 
purpose of the plati'ng was t o  prevent oxidation of the tungsten surface 
and t o  reduce the electron emission from the probe by increasing the 
surface work function. Beryllium oxide was used as the probe insulator 
material because, although quite brittle, i t  maintains h i g h  e lectr ical  
res i s t iv i ty  a t  h i g h  temperatures. To minimize thermal s t resses  and 
faci 1 i t a t e  machining of the  material, each probe insulator was actually 
a matrix of individual beryllium oxide slabs. Probes of this design, 
f l  ush-mounted and made of these materials, could withstand the moderate 
heating rates which exis t  in  t h i n  hypersonic boundary 1 ayers prior t o  
transition.  After  transition,  the  sharply  increased  heating  rates  quickly 
caused physical deterioration of the probes, although some valid da ta  
was obtained between transit ion and probe fa i lure .  
Two types of probes were  flown on each fl ight vehicle.  As shown in 
Figure 11, the two probe types differed only i n  collector electrode design. 
The collector and return electrodes of bo th  types were rectangular and had 
a common dimension (0.50 inch) perpendicular t o  the flow direction. 
Collector electrodes of two sizes were used. The 1 arge electrodes (0.50 x 
0.50 inch) were designed t o  be sufficientlylarge t h a t  probe edge effects  
could be neglected, b u t  may have  been large enough t o  cause local depletion 
of the plasma. The small electrodes (0.50 x 0.06 inch, the same s ize  as 
all return electrodes) were intended t o  be suff ic ient ly  small t h a t  plasma 
depletion effects could be neglected, although probe edge effects  may have 
been important. Measurements made  by these two probe types under equivalent 
flow conditions were  used t o  estimate possible distortions of the probe 
currents by these effects. 
3.3 .2  Electrostatic Probe Electronics 
All probes were biased by synchronized l inear  ramp functions which varied 
from -10 t o  +10 volts in 0.1  second. The bias potential for each probe 
was applied between the collector electrode and the return electrode, the 
l a t t e r  being grounded t o  the internal structure and metallic surface of 
the  vehicle (which acted as an additional  return  electrode).  Currents 
collected on the probe collector electrodes were amplified by logarithmic 
amplifiers sensitive in the micro-amp range. The amplifier o u t p u t  
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signals (0 t o  5 volts dc) were sampled a t   r a t e s  of 1000 sps o r  4000 sps 
and were transmitted to the ground via the telemetry link, providing a f u l l  
current-voltage characteristic from each probe during every probe bias 
cycle. 
Automated computer processing was used for data reduction and display of 
the large amount of data received. Plots o f  single bias voltage sweeps 
._ (showing current density vs. applied potential as i n  Figures 9 and 10) 
and plots of saturation current density histories (showing saturation 
current density vs. a l t i tude as  i n  Figure 12) were obtained from the data 
tapes by the computer using preflight amplifier calibrations. For both 
F l i g h t  1 and Flight 2, e lec t ros t a t i c  probe data were received from above 
90 km t o  the a1 t i  tude where physical f a i lu re  of the probe c i rcu i t s  
occurred. For each f l i gh t ,  the data-taking  period  lasted approximately 
th i r ty  seconds so tha t  approximately 300 sweeps (each a full  current-  
voltage probe characteristic) of 0.1 seconds duration were obtained from 
each data channel. Eight probe data channels were used on each vehicle. 
3.3.3 Electrostatic Probe Calibration Procedures 
The e l ec t ros t a t i c  probe amp1 i f i e r s  were calibrated i n  the 1 aboratory prior 
t o  f l i g h t  by measuring the output voltages corresponding to selected i n p u t  
currents. These calibrations were  checked during fl ight by periodically 
s u b s t i t u t i n g  res is tors  of  known value fo r  each probe. For each probe 
amplifier one calibration cycle, involving the substi tution of five 
different res i s tors ,  was performed every sixteen seconds. The  in f l igh t  
calibration data were processed i n  the same  way as the probe f l igh t  da ta ,  
providing a check on the validity of the preflight amplifier calibrations. 
3.3.4 Electrostatic Probe Locations 
E i g h t  e l ec t ros t a t i c  probes were located along the heatshield surface of 
each vehicle. The axial and azimuthal locations of the electrostatic 
probes on Flights 1  and  2 are g i v e n  i n  Figures 13 and 14, respectively. 
* 
e ” 
Saturation current densities were defined as probe current densit ies 
measured a t  bias potentials five volts above and  below the bias potential 
a t  zero current collection so tha t  they could be evaluated automatically. 
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3.4 VEHICLE THERWCOUPLES 
3.4.1. Thermocouple Installation 
The thermocouple installation details  for the F l i g h t  1 and 2 vehicles were 
identical t o  those shown i n  Figure 2 of Reference  13. The chromel-alumel 
(Type K) thermocouples w i t h  grounded junctions were enclosed i n  0.020-inch 
diameter stainless steel  sheaths.  A spring-loaded thermocouple and a  small 
pure t i n  slug between the thermocouple junction and the bottom of the heat- 
shield cavity was used t o  provide a good thermal contact. The thermocouple 
cavity was 0.023-inch diameter and resulted i n  a heatshield wall thickness 
of  0.005 +*Oo3 -.ooo inch a t  the thermocouple t i p .  
The t i n  slug remained sol id  d u r i n g  ex i t  and exoatmospheric f l i g h t  and 
melted d u r i n g  vehicle reentry when the heatshiel d temperature exceeded 
450OF. After the t i n  melted, the spring forced the thermocouple t i p  
aga ins t  the bottom of the cavity. The fl ight deceleration and centrifugal 
forces kept the liquid t i n  a t   t h e  end of the cavity surrounding the sheath 
and maintained  the  desi  red  wetted  metallic  contact. 
The t i n  slugs melted prior to boundary layer transition onset for the 
somewhat blunter conical vehicles described i n  Reference  13. However, as 
a resul t  o f  lower aerodynamic heating rates, these t i n  slugs d id  n o t  melt 
unt i l  af ter  boundary layer transition onset for the slender vehicles i n  
this study. 
3.4.2 Thermocouple Locations 
The eight thermocouples on the Flight 2 vehicle were located a t  four axial 
stations along two conical  rays 90 degrees  apart. The exact sensor 
locations on this vehicle are given i n  Table IV. 
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IV.  FLIGHT TEST DATA ' 
The analysis of the vehicle dynamics data from F l i g h t  1, the h i g h  angle- 
of-at tack f l ight ,  is  presented i n  Section 4.1, while boundary layer 
transition da ta  for the vehicles a t  low and h i g h  angles-of-attack are 
presented i n  Sections 4.2 and 4.3, respectively. 
4.1 VEHICLE  DYNAMICS ANALYSIS 
Vehicle pitch, yaw, and roll atti tude angles as a function of time after 
1 i f t o f f  were calculated from data provided by the onboard accelerometers 
and rate gyros. These vehicle attitude angles for Flight 1, the h i g h  
angle-of-attack flight, are presented as a function of time a f t e r  l i f t o f f  
i n  Figures 2 and 3 .  As discussed earlier i n  Section 2.2 only the vehicle 
dynamics data from Flight 1 required analysis for interpretation of the 
acoustic sensor data. 
The equations used t o  calculate the vehicle axis angle-of-attack (total 
angle-of-attack), the location of each sensor w i t h  respect t o  the wind- 
ward meridian, and the local angle-of-attack history a t  each sensor are 
presented below. These parameters were calculated from the vehicle pitch, 
yaw, and roll  at t i tude angles and the sensor azimuthal angle. The vehicle 
attitude angles are defined i n  Figure 4, while the azimuthal angle of the 
sensor, +s, is the sensor location i n  degrees measured clockwise from the 
vehicle -Z axis l o o k i n g  forward (see Figure 4). 
4.1.1  Total  Angle-of-Attack 
The vehicle total angle-of-attack, aT, was calculated from the pitch and 
yaw angles-of-attack using the following equation: 
O L ~  = t an  
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4.1.2 Angl e Between the Sensor and the blindward Meridian 
The sensor/windward angle or location o f  each sensor w i t h  respect t o  the 
windward meridian, q (measured positive clockwise from sensor t o  the 
windward meridian l ooking forward) was calculated as shown bel ow. Care 
had t o  be exercised t o  ensure t h a t  calculated sensor/windurard angles were 
i n  the proper quadrants since use of trigonometric functions for angles 
through 360 degrees without  quadrant checks would no t  yield a unique 
solution. Both the equations for determining the sensor/windward angle 
and the quadrant check requirements are presented i n  the following steps. 
1) Compute the  angle 4 '  using: 
$ 1  = tan-' ] 'Os "T [ 
tan 6 - tan $r tan a 
t an  CL f t a n  +r t an  f? 1 
2) Calculate  the  angle B where: 
e = tan-' [-I- if c1 2 0 and f? - > 0 
0 = 180" f tan-' [e] i f  CL 2 0  and 6 < 0 (4.3) 
e = 360" f tan" if a < 0 and 6 0 
3) Determine angle yl using:  
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4) Determine angle y where: 
Y = Y 1  if  0 5 y l  5 360" 
y = 360" -+ y' if y' < 0 
y = y I - 360" i f  y' > 360" 
5) Calculate  angle 4 where: 
4 = 4 '  i f  0"  < y < 90" or 270" < y - < 360" 
I# = 180" + 4 '  i f  90" < y - < 180" 
4 = 4 '  - 180" if  180" < y - < 270" 
6) Compute angle $ '  using:  
$ 1  = 4 - 4s - 180" 
7) Now the sensor/windward angle, $ i s  given by: 
$ = 4)' i f  -180" - < $ I  5 180" 
$ = $ '  - 360" if I)' > 180" 
$ = $ I  + 360" if  $ I  < -180" 
4.1.3 Local Angle-of-Attack 
The local angle-of-attack, eL, a t  each sensor is no1 rl cal cu 1 
( 4 . 5 )  
(4.7) 
ated from the 
t o t a l  angle-of-attack and the sensor/windward angle by 
eL = sin cos aT sin e + cos ec sin aT cos $ 
C ] (4.9) 
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where ic i s t h e  cone ha l f -ang le  ( Bc = 8 degrees f o r  t h e  v e h i c l e s  
considered i n  t h i s  s t u d y ) .  
4.1.4 Reduced Vehic le  Dynamics Data 
Equations  (4.1)  through  (4.9)  were  used to  ca l cu la te  l oca l  ang le -o f -a t tack  
and sensor/windward angle histor ies for  the three acoust ic sensors on 
F l i g h t  1. Typ ica l   ca lcu la ted   loca l   ang les-o f -a t tack  and sensor  angles 
r e l a t i v e  t o  t h e  windward  meridian  are  presented i n  F i g u r e  13. The 
i r r e g u l a r  o s c i l l a t o r y  n a t u r e  o f  t h e  l o c a l  a n g l e - o f - a t t a c k  i s  caused  by 
the  combined e f f e c t s  o f  t h e  v e h i c l e  p i t c h ,  yaw, and r o l l  motions. The 
sensor  ang le  re la t i ve  to  the  windward meridian i s  normalized between 
-180  degrees and  +180 degrees. I n  S e c t i o n  4.3 the  loca l  ang les-o f -a t tack  
are presented with the acoust ic sensor data,  and the. t imes are indicated 
when the sensors are on bo th  the  veh ic le  windward and leeward meridians. 
4.2 ZERO ANGLE-OF-ATTACK BOUNDARY LAYER  TRANSITION DATA 
Boundary l a y e r  t r a n s i t i o n  d a t a  f r o m  F l i g h t s  2 and 3 are presented and 
analyzed i n  t h i s  s e c t i o n .  The acoustic  sensor,  base  pressure and 
e lec t ros ta t i c  p robe  da ta  have  been analyzed and t h e  t r a n s i t i o n  a1 t i t u d e  
r e s u l t s  compared to   those  obta ined  f rom  other   onboard  inst ruments.   In  
addi t ion,  the acoust ic sensor and e lec t ros ta t i c  p robe  da ta  from F l i g h t  2 
have been c o r r e l a t e d  t o  p r o v i d e  an i m p r o v e d  b a s i s  f o r  i n t e r p r e t a t i o n  o f  t h e  
high angle-of-attack data from these sensors. 
4.2.1 Zero  Angle-of-Attack  Acoustic  Sensor  Data 
The acoust ic sensor data from F l i g h t  2 were analyzed t o  prov ide  a base l ine  
f o r  i n t e r p r e t a t i o n  o f  t he  h igh  ang le -o f -a t tack  f l i gh t  da ta .  Computer 
processing was used t o  reduce the acoust ic sensor data to sound pressure 
l e v e l s  and to  genera te  m ic ro f i lm  da ta  p lo t s  w i th  merged support data such 
as a1 t i t u d e  and loca l  ang les-o f -a t tack  a t  the  sensors .  
The  rms sound pressure leve l  (SPL) da ta  f rom the  th ree  F l igh t  2 sensors 
are shown i n  Figures 16 through 18; t h e  i d e n t i f i c a t i o n  and loca t ion  o f  
the  sensors  a re  no ted  a t  the  top  o f  each f i g u r e .  The l e f t  hand sca le  
i s  t h e  SPL i n  db re fe renced  to  2 x 1 Om4 dynes/cm2. The ho r i zon ta l  sca le  
i s  v e h i c l e  a1 ti tude, extending from 30 t o  50 km. Above t h e  p l o t  o f  a c o u s t i c  
sensor data i s  the  veh ic le  center l ine  ang le-o f -a t tack  h is to ry ,  aT ( f o r  
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small angles-of-attack the local angle-of-attack of the sensor face, eL, 
is aT p l u s  8 degrees). 
The maximum SPL t ha t  can be plotted for any given sensor corresponds t o  
the maximum sensor o u t p u t  (sensor saturation level)  as specified i n  
Table 111. I t  can be seen from the f igures  tha t  a l l  three of the sensors 
reached saturation. 
The data from a l l  three sensors are characterized by a sudden rise t o  a 
h i g h  plateau region, a sudden drop to  a low level ,  and f ina l ly  a gradual 
increase u n t i l  the sensor reached saturation. The f i rs t  period  of h i g h  
level data corresponds to  a period d u r i n g  which  a boundary layer injection 
experiment was conducted. The effect  of this experiment was to  ''trip" 
the boundary layer for an a l t i tude  range from about 44 to  47 km. 
Consequently, the following discussion of the t ransi t ion phenomena is 
restricted to the period where the injection experiment no longer affected 
the data. 
The a1 t i  tude of t ransi t ion onset established by the acoustic sensor data 
has been defined as the a1 t i  tude where the SPL data  r ises  suddenly above 
the 120 db level. This transit ion onset alt i tude is designated as h t l  i n  
the figures.  
Primarily as a resu l t  o f  the Channel  4 data i n  Figure 17, the following 
approach was adopted for  select ing the a l t i tude  where the boundary layer 
a t  each sensor was defined as "fully turbulent". A s t ra ight  l ine  w i t h  a 
slope proportional t o  the variation i n  freestream pressure (equivalent 
to the variation i n  local cone pressure because o f  the near constant 
freestream Mach number) was matched t o  the SPL data just prior t o  sensor 
saturation. The intersection of the increasing SPL data w i t h  th i s  l ine  
was selected as the fully turbulent a1 t i tude,  h t 2 ,  as shown i n  Figures 16 
through  18. Additional jus t i f ica t ion  for  us ing  this method  was provided 
by Reference 14 i n  which acoustic sensor data for an ablating vehicle were 
analyzed.  Reference 14 concluded that "the intensity of the boundary 
layer pressure fluctuations i n  the frequency range o f  the measurement 
(5  t o  200  kHz)  was proportional to the s t a t i c  pressure." 
The presentation and analysis of data from e i g h t  acoustic sensors i s  
included i n  Reference 14 for  an ablating vehicle and will n o t  be repeated 
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i n  t h i s  r e p o r t .  These SPL data of  Reference 14 were character ized by an 
almost instantaneous r ise of an o r d e r  o f  m a g n i t u d e  a t  t h e  o n s e t  o f  
t r a n s i t i o n .  The phenomenon o f  boundary l a y e r  t r a n s i t i o n  on t h e  F l i g h t  2 
v e h i c l e  c o n s i d e r e d  i n  t h i s  s t u d y  i s  b y  comparison much more gradual .  This 
d i f f e r e n c e  i s ,  a t  l e a s t  i n  p a r t ,  a t t r i b u t e d  t o  t h e  h i g h  b l o w i n g  r a t e s  a t  
t r a n s i t i o n  o n s e t  a s s o c i a t e d  w i t h  an ab la t ing  heatsh ie ld .  
The SPL data i n  Figures 16 through 18 show an e r r o r  b a r  o f  t 2 . 5  db. Only 
e r ro rs  i ncu r red  i n  the  p rocess ing  and hand1 ing  o f  the  da ta  and the 
c a l i b r a t i o n  o f  t h e  s e n s o r  system  are  considered. The power  spectrum  of 
t he  su r face  p ressu re  f l uc tua t i ons  i s  assumed t o  be f l a t ,  t h e  f i n i t e  s i z e  
o f  t he  t ransducer  i s  neg lec ted ,  and the plane wave l a b o r a t o r y  c a l i b r a t i o n  
i s  used d i rec t l y .   Quest ions   regard ing   the   p rec ise  meaning  of  the 
processing, the Val i d i  ty  o f   t h e   p l a n e  wave ca l  i brat ion,  the ef fects  of  the 
f i n i t e  s i z e  o f  t h e  t r a n s d u c e r ,  o r  e f f e c t s  o f  a nonf lat  spectrum are not 
considered i n  t h i s  e r r o r  a n a l y s i s .  The er ro rs  a re  summarized i n  Table V. 
A more d e t a i l e d  e r r o r  a n a l y s i s  i s  c o n t a i n e d  i n  Reference 15. 
4.2.2 Zero  Angle-of-Attack Base Pressure  Data 
Base pressure data normal ized with the f reestream pressure are presented 
i n  F i g u r e  19 f o r  s i m i l a r  v e h i c l e s  w i t h  t h r e e  d i f f e r e n t  h e a t s h i e l d  
mater ia ls .  The F l i g h t  2 (nonablat ing  heatsh ie ld)   data  are compared t o  both 
F l i g h t  3 (ab la t i ng  hea tsh ie ld  w i th  s t rong  b low ing )  da ta  and data obtained 
from a v e h i c l e  w i t h  an ab la t ing  heatsh ie ld  fo r  wh ich  b lowing  was weak. 
A sharp change i n  base pressure i s  e v i d e n t  a t  t h e  t r a n s i t i o n  a l t i t u d e  
because o f  a th icken ing  o f  the shoulder boundary layer associated with 
changes i n  t h e  boundary 1 aye r  p ro f i l es .  The increase i n  base pressure i s  
more pronounced fo r  t he  veh ic le  w i th  the  s t rong ly  b low ing  hea tsh ie ld ,  aga in  
because o f  t he  g rea te r  ab la t i on  ra te  a t  boundary l a y e r  t r a n s i t i o n .  The data 
f r o m  t h i s  v e h i c l e  i n d i c a t e  boundary l a y e r  t r a n s i t i o n  a t  t h e  v e h i c l e  base 
shou lde r  a t  an a1 t i t u d e  o f  38 km. The da ta  fo r  t he  nonab la t i ng  and weakly 
ab la t i ng  hea tsh ie lds  i nd i ca te  a lower  boundary  layer  t rans i t ion  a l t i tude  
o f  36 km f 1 km. 
T rans i t i on  a1 t i tudes  es tab l i shed by  base pressure measurements have a 
tendency t o  be low by comparison t o  those determined from other f l i g h t  
data because the  base pressure responds t o  changes t h a t  o c c u r  i n  t h e  
boundary l a y e r  somewhat f o r w a r d  o f  t h e  base. This i s  demonstrated i n  t h e  
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next section where the data from the different instruments are compared. 
The two primary causes of uncertainty i n  the base pressure measurements 
are the accuracy limits of the gauge calibration da ta  and response time 
effects .  Both of these sources of e r ror  have  been  examined i n  Reference 
16, and the results of this study are presented i n  Table VI. Because  of 
low-range data limitations arising from the noted total  errors ,  only data 
greater than 4 percent of full scale are presented in Figure 19. 
4.2.3 Zero Angle-of-Attack Electrostatic Probe Data 
Analysis of zero angle-of-attack flight da t a  has shown t h a t  e lec t ros ta t ic  
probe measurements provide a useful indication of the onset of local 
boundary layer  t ransi t ion at  probe locations along vehicle heatshield 
surfaces. Transition detection using the  zero  angle-of-attack  Flight 2 
e lec t ros ta t ic  probe da ta  i s  presented in this report in order t o  provide 
a baseline for interpretation of the h i g h  angle-of-attack flight da ta .  
The individual sweep plots and the saturation current density histories 
for each F1 i g h t  2 channel were examined with reference t o  a1 1 available 
preflight and inflight information relating t o  the operation of the probe 
systems, and all invalid data were identified. The primary considerations 
in this process were  found t o  be leakage currents through the heated 
beryl 1 i um oxide insulators between electrodes, and the available range of 
the amplifiers (see Reference 11).  Valid e lec t ros ta t ic  probe da ta  were 
obtained over an a l t i tude range from approximately 70 km t o  25 km. 
In general, the zero angle-of-attack data sweeps are smooth  and well 
saturated as shown in  Figure 9.  The saturation current densities measured 
a t  any given probe location (an example i s  shown in  Figure 1 2 )  increase 
continually from amplifier threshold levels a t  high al t i tudes t o  amplifier 
overflow levels a t  the lowest altitudes, the only exceptions being 
measurements made during two boundary 1 ayer injection experiments and 
calibration sweep periods. The saturation current density measurements 
have  been  used primarily in the calculation of boundary layer charged 
* 
* 
Transition detection using electrostatic probes mounted along the 
Flight 3 (strongly ablating) heatshield is discussed in Reference 14. 
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par t ic le  number densit ies (as i n  Reference 12  for Flight 2 data).  
Although the saturation current densities are subject t o  a b r u p t  increases 
in magnitude and, t o  a lesser degree, t o  increases i n  s ca t t e r  when local 
boundary layer transition occurs, the effects of t rans i t ion  on the 
e lec t ros ta t ic  probe data can be most direct ly  and accurately observed i n  
the individual da t a  sweeps. Only examples of such data are shown in this 
report (Figures 9 and 10). Complete se t s  of e lec t ros ta t ic  probe da ta  
sweeps  can  be  found in References 11 and 17. 
I t  has  been  found t h a t  fluctuations appear i n  the  e lectrostat ic  probe 
sweep da ta  which. can be related t o  the onset of boundary 1 ayer transition 
a t  each probe s t a t i o n .  This was n o t  unexpected since the collected probe 
.currents are dependent upon ambipolar boundary 1 ayer properties (see 
Section 3.3.1), which  can  be expected t o  f luctuate with the onset of 
boundary layer transition. Prior t o  the  onset of such fluctuations, the 
measured probe currents do no t  contain fluctuations resolvable above the 
step size of the sampled data. An example  of such measurements i s  shown 
in the sweep  of Figure 9 ,  where the only changes in measured currents 
are the continuous changes in level which are due t o  the ramp function 
variations in the applied probe potential .  
Specific transition onset a1 t i  tudes have been obtained from the zero 
angle-of-attack electrostatic probe da ta  by identifying the times a t  which 
fluctuations having amp1 i tudes greater t h a n  plus or minus one pcm step 
s ize  appear i n  the  data. This c r i te r ion  i s  n o t  d i f f i c u l t  t o  apply t o  
the Flight 2 data .  Those data  indicate t h a t  such fluctuations do n o t  
occur in measurements made while the heatshield boundary layer over the 
* 
* 
Currents collected by the probe collector electrodes are amplified by 
~~ ~ ~~~ ~~ 
four-decade  logarithmic  amplifiers, The amplifier o u t p u t  signals (0 t o  5 
volts dc) are sampled a t  rates of 1000 sps o r  4000 sps and are transmitted 
t o  the ground via the telemetry link. The 0 t o  5 v o l t  signal range i s  
resolved into 256 pcm (pulse code modulated) steps.  On the ground, currents 
(or current densities) are calculated from the received voltages using 
preflight amplifier calibrations. The currents are then plotted on a 
1 ogari thmic scale  versus appl ied probe potenti a1 and time t o  produce the 
probe "sweeps". On such a plot ,  one pcm step size then corresponds t o  
1/128th of the full scale four decade range of either the positive or 
negative probe currents. 
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probe is 1 aminar. Furthermore , when fluctuations do appear, the amp1 i tudes 
tend to be considerably 1 arger than plus or minus .one pun step size.  The 
F l i g h t  2 data show, however, that  f luctuations do not necessarily appear 
continuously i n  a l l  da ta  measured by a given probe a f t e r  the f i rs t  onset 
of fluctuations a t  the probe s ta t ion .  For this reason, two types of 
regions of fluctuating data were identified for,  Flight 2: 
. l )  A range  over which  sweeps contain fluctuations i n  bursts of  '.'short" 
(or order 1/10 sweep period, or .01 sec ) duration dur ing  
measurement of data sweeps which are more ,than 50 percent composed 
of smooth laminar-type data having no fluctuations (see Figure 
* 
20). 
2)  A range  over which sweeps contain continuously fluctuating data 
( w i t h  a t  most occasional periods of order 1/10 sweep period 
d u r i n g  which fluctuations are not measured, see Figures 10 and 21). 
The resultant zero angle-of-attack transition a1 t i  tudes as determined from 
e lec t ros ta t ic  probe data are shown i n  Figure 22. The application of 
this transit ion detection cri terion to the h i g h  angle-of-attack Flight 1 
e l ec t ros t a t i c  probe data is  discussed i n  Section 4.2.7. 
4.2.4 Zero Angle-of-Attack Thermocouple Oatat 
Temperature. his tor ies  of  the eight thermocouples on the Flight 2 vehicle 
are tabulated i n  Table AI o f  Appendix A. These data are presented as a 
function o f  time a f t e r  l i f t o f f ,  TALO, a t  0.1 second time increments. 
Trajectory support data including the time, altitude, vehicle centerline 
angle-of-attack, and freestream Mach number, velocity, density, 
temperature and pressure are presented i n  Tables I and I1 of the secret  
addendum t o  this report, Reference 3. The atmospheric  parameters have 
been obtained as a function of altitude from the 15 degrees North annual 
atmosphere of Reference 18. 
I t  was beyond the scope of the present study to reduce these temperature/ 
time data to heat transfer rates and determine w i t h  the conventional 
* 
The data sample ra'te is  either 1000 sps o r  4000 sps for these probes. 
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approach the onset of boundary 1 ayer transition and full turbulence. 
Instead, boundary layer t ransi t ion a1 t i  tudes were estimated for each 
thermocouple s ta t ion by determining the altitude where the temperature/ 
time slope departed significantly from the preflight laminar prediction. 
These transit ion a1 ti  tude estimates are discussed i n  Section 4.2.5 and 
compared in Figure 22 w i t h  results established by other onboard instruments. 
4.2.5 Comparison of Zero Angle-of-Attack Transition Data 
In order t o  broaden the data base for boundary layer transition onset on 
vehicles a t  zero angle-of-attack, da ta  from other instruments onboard 
Flights 2 and 3 were studied. These instruments  included  heatshield 
thermocouples, base electrostatic probes, base  thermocouples and 
radiometers. The Flight 2 da t a  from the heatshield thermocouples are 
presented in Reference 2 ,  while the Flight 2 data from the other 
instruments are presented and validated i n  Reference 11. 
Boundary layer transition a1 t i tudes based on these da ta  are presented i n  
Figure 22 as a function of vehicle axial s t a t i o n .  Due t o  the larger 
number of instrument stations for the heatshield thermocouples and cone 
electrostatic probes, a mean curve was faired through the combined data 
from these instruments as shown i n  Figure 22. The transit ion a1 titudes 
established by the acoustic sensor d a t a  presented in Figures 16 t h r o u g h  18 
are also presented in Figure 22 for  comparison. The  a1 t i  tudes for onset 
o f  boundary layer transition established by the acoustic sensor da ta  are 
about 4 kilometers higher than those determined from the electrostat ic  
probe and vehicle  temperature data .  This resul t  i s  consistent with earlier 
studies conducted on a similar vehicle with an ablating heatshield which 
showed t h a t  measurement of the pressure fluctuations a t  the vehicle 
surface w i t h  acoustic sensors was the most direct  means of detecting 
boundary layer transition and involved the shortest measurement time 
cons tan t. 
As would be expected, the acoustic sensor "fully turbulent" a1 t i  tudes are 
below the transition onset curve established by the other da t a ,  w i t h  the 
exception of the da ta  point from the Channel 5 sensor,  Considering  the 
low saturation level for this channel (see Table  11) and the trend of the 
sound pressure level da t a  in Figure 18, i t   i s  1 i kely t h a t  the sensor 
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saturation occurred prior to the boundary 1 ayer becoming ful ly  turbulent 
a t  this s ta t ion.  As a resul t ,  this data p o i n t  should be considered less 
credible than the others. 
The a1 t i tude fo r  boundary layer  t rans i t ion  a t  the vehicle base s ta t ion 
established by the base pressure data is significantly lower than those 
determined from the other data. 
Transition altitudes as a function of vehicle station are presented i n  
Figure 23 fo r  the Flight 3 ab1 ating vehicle. These a1 t i  tudes are based upon 
acoustic sensor and base pressure data from Reference 14 and thermocouple 
and calorimeter data from Reference 19. Because of the good agreement 
between the acoustic sensor and thermocouple data, a sol i d  curve was 
faired th rough  these data. Again the base pressure transition a1 t i  tude 
is about 1 km low, while the data points based on the calorimeter data 
are about 5 km !ow because of a  1 arge thermal 1 ag (see Reference 19). For 
comparison purposes the curve fai  red th rough  the F1 i g h t  2 e lec t ros ta t ic  
probe and thermocouple data from Figure 22 i s  shown i n  Figure 23 as a 
dashed l ine.  As would be expected, the effects of mass addition t o  the 
boundary layer for Flight 3 caused boundary layer transit ion to occur a t  
higher alt i tudes than for the  nonablating  vehicle.  This  increase i n  
t ransi t ion al t i tude ranged from s l igh t ly  over 1 kilometer a t  the a f t  
vehicle station to about 5 kilometers a t  a s t a t ion  a t  20 percent of the 
vehicle length. 
4.2.6 Correlation of Flight 2 Acoustic Sensor Data 
The acoustic sensor data to this point have been presented and discussed 
i n  terms  of sound pressure  level (SPL). This representation was suff ic ient  
for  a vehicle which entered the atmosphere near zero angle-of-attack. 
However, to  provide a basis for interpretation of the h i g h  angle-of-attack 
data (Flight 1) i t  was necessary to  r e l a t e  the rms pressure fluctuation 
levels to a meaningful local flow condition or parameter a t  the sensor. 
A large number of investigators nondimensionalize the pressure fluctuation 
measurements w i t h  a measured or calculated shear stress at  the wall , 
following the lead of Kistler and  Chen i n  Reference 20. T h i s  approach 
can only be adopted when the shear stress levels are well known,  which is  
certainly not the case i n  a  boundary layer transition study such as the 
present. Other investigators have chosen t o  nondimensionalize  the pressure 
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fluctuation level data w i t h  e i ther  the local  s ta t ic  or dynamic pressure a t  
the sensor. Preliminary studies were conducted i n  which the pressure 
fluctuation data were nondimensionalized w i t h  both of these pressures. 
I t  was found, however, that  a bet ter  da t a  correlation was obtained with 
the  1 oca1 dynamic pressure nondimensional i  zation and consequently th i s  
method was adopted for the present study. 
T h i s  nondimensionalization of the pressure fluctuation data w i t h  the local 
dynamic pressure was performed using the following equations. 
The sound pressure level i n  db is related t o  the rms pressure fluctuation 
level by 
SPL(db) = 20 log lo  (P/Pref )  (4.10) 
where P i s  the rms surface pressure fluctuation level and Pref i s  t he  
reference  pressure and equals 2 x dynes/cm . 
Using  Newtonian theory the cone pressure  coefficient, C i s  given by 
% 
2 
P’  
P C  - pca c =  = 2 sin eL 2 
P 9, (4.11) 
By rearranging Equation (4.11) the local cone s ta t ic  pressure,  P C ,  i s  
given .by 
PC = Pm + q, ( 2  sin e,) 2 (4.12) 
where q, i s  the freestream vehicle dynamic pressure 
eL i s  the local angle-of-attack (see Equation 4.9 in Section 4.1.3) 
P, i s  the freestream static pressure. (The 15 degrees North annual 
atmosphere of Reference 18 was used throughout t h i s  study t o  define the 
required atmospheric parameters as a function of a l t i tude . )  
The local cone  dynamic pressure, q c ,  i s  re la ted t o  the local cone s t a t i c  
pressure by 
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where y is the ratio of specific heats (y = 1.4 was used i n  this study) 
and Mc is  the local cone Mach number. 
Again  Newtonian theory is used to  determine the local cone Mach nunber by 
(4.14) 
where Mm i s  the freestream Mach number. 
The rat io  of  rms pressure fluctuation level to dynamic pressure a t  the 
sensor can be calculated using Equations (4.10) and (4.12) through (4.14) 
and the instantaneous values of SPL and vehicle  a t t i  tude,  velocity , and 
a1 t i  tude. 
These calculations were performed fo r  the transition onset and fu l ly  
t u r b u l e n t  a l t i tudes selected on the basis of the Flight 2 acoustic sensor 
data i n  Figures 16 through 18. These results together w i t h  the boundary 
layer transition a1 titudes and the local angle-of-attack a t  the sensor a t  
that altitude are presented i n  Table  VII. T h e  ra t ios  of rms surface pressure 
fluctuation level to the dynamic pressure a t  the sensor, P / q c ,  shown i n  
Table VI1 are calculated from the actual flow angle-of-attack. In addition, 
P/qc values calculated for a local angle-of-attack of 8 degrees (centerline 
angle-of-attack of zero) are shown i n  brackets for the Channel  5 sensor. 
For the low angles-of-attack of Flight 2 the assumption of the vehicle 
centerline at  zero angle-of-attack results i n  less than a 4 percent change 
i n  the calculated nondimensional pressure fluctuation levels. 
When the boundary layer i s  fully turbulent,  the P/qc ra t ios  vary from 
about  5.5 x to  9 x l om4  for  this  near  zero  angle-of-attack  f l ight w i t h  
a nonablating  heatshield.  In  contrast, the ra t ios  a t  boundary layer 
transition onset are over an order-of-magnitude lower, ranging from about 
3 X lom5  to  5.5 x These resul ts   wi l l  be used i n  the  following 
section where the h i g h  angle-of-attack acoustic sensor data are presented 
and analyzed. 
4.2.7 Correlation *of Flight 2 Electrostatic Probe Data 
The electrostat ic  probe zero angle-of-attack transition altitudes are 
% 
% 
?, 
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compared w i t h  those determined by other onboard instruments i n  Figure 22. 
.The comparison shows tha t  the e lec t ros ta t ic  probe t ransi t ion a1 titudes 
are higher than the acoustic sensor "fully turbulent" results by 0.5 to 
1.0 kilometer. For each set  of  probe data, the a l t i t ude  range over which 
sweeps contain continuously fluctuating data [type ( 2 )  fluctuations. as 
defined i n  Section 4.2.31 i s  the range of a l t i tudes below each indicated 
e lec t ros ta t ic  probe t ransi t ion al t i tude.  The a l t i tude  ranges over which 
sweeps contain fluctuations i n  short  bursts [type (1) fluctuations as 
defined i n  Section 4.2.31 are also shown i n  Figure 22  and occur above each 
t ransi t ion al t i tude.  Data fluctuations of type (1) may be a resul t  of 
large intermittent turbulent disturbances passing over the probes d u r i n g  
the f i r s t  stages o f  t ransi t ion onset. Fluctuations of this type are  
observed for brief periods a t  a l t i t u d e s  a l l  of which a re  lower than the 
transit ion onset alt i tudes measured by the acoustic sensor. This 
indicates that  the electrostatic probes have a higher threshold for 
transition detection than do the acoustic sensors, a1 though the electro- 
s t a t i c  probe data show continuous transi tion-induced fluctuations a t  
a1 t i  tudes s l  i gh t l y  above the 'I turbul en t" acous t i  c sensor a1 ti tudes. 
The range, i n  the zero angle-of-attack data (Figure 2 2 ) ,  over which 
fluctuations of type (1) are observed before type ( 2 )  f luctuations beg in  
i s  s ign i f icant  because i t  i s  not possible to separate fluctuations of 
type (1) from those of type ( 2 )  i n  the h i g h  angle-of-attack (Flight 1) 
data. The extent of  this range, which appears t o  be a t  most about 4 
kilometers, i s  an indication of the uncertainty inherent in considering 
Flight 1 fluctuations t o  be evidence of a fully turbulent boundary layer 
as opposed to  a transit ional boundary layer.  Since the Flight 1 data 
cannot be used t o  distinguish between transit ional and turbulent boundary 
layers, i t  can only be said that Flight 1 results identify either laminar 
or "transitional" behavior, where (based on the comparisons i n  Figure 22) 
"transit ional" refers t o  levels of turbulence from approximately tha t  for  
acoustic sensor "transition-onset" t o  fu l ly  developed turbulence. 
The presence of fluctuations (as defined i n  Section 4.2.3) has been  used 
t o  identify "transitional" (as defined above) Flight 1 e lec t ros ta t ic  probe 
data. The results  are  presented i n  Section  4.3.3. 
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4.3 HIGH ANGLE-OF-ATTACK  BOUNDARY  LAYER TRANSITION DATA 
The F l i g h t  1 acoustic sensor, base pressure and electrostat ic probe data 
are presented i n  t h i s  s e c t i o n  t o g e t h e r  w i t h  q u a l i t a t i v e  t r a n s i . t i o n  
a1 ti tudes based on vehicle thermocouple instrumentation. 
4.3.1 High  Angle-of-Attack  Acoustic  Sensor  Data 
The rms sound pressure level (SPL) da ta  f rom the  th ree  F l i gh t  1 sensors 
are shown i n  Figures 24 through 26; t h e  i d e n ' t i f i c a t i o n  and l o c a t i o n  o f  t h e  
sensors  a re  no ted  a t  the  top  o f  each f i gu re .  These f igures  present  the  
bas i c  SPL d a t a  f r o m  t h i s  f l i g h t  f o r  an a l t i t u d e  range extending from 31 
t o  50 km. The SPL d a t a  i n  each o f  these f igures are character ized by a 
s e r i e s   o f  peaks and Val l e y s   w i t h  a genera l l y  inc reas ing  1 eve1 u n t i  1 t h e  
sensors reached saturation. 
These data were not analyzed on a po in t  by  po in t  bas is ;  ins tead,  curves  
were f a i r e d  t h r o u g h  t h e  d a t a  t o  y i e l d  a cont inuous best est imated SPL 
h i s t o r y  f o r  each  sensor. The equations i n  S e c t i o n  4.2.4  were  then 
used t o  c a l c u l a t e  t h e  r a t i o s  o f  rms w a l l  p r e s s u r e  f l u c t u a t i o n  l e v e l  t o  
l o c a l  dynamic pressure  at   the  sensor,   P/qc,  as a f u n c t i o n  o f  t i m e .  However, 
when the   loca l   ang l   e -o f -a t tack  was 1 ess than zero, the frees tream dynamic 
pressure was used to  nondimensional ize the pressure f luctuat ion leve l .  
The P/qc h is to r ies  wh ich  cor respond to  the  SPL data i n  Figures 24 
through 26 are  presented i n  Figures 27 through 29, r e s p e c t i v e l y .  I n  
a d d i t i o n ,  t h e  v e h i c l e  t o t a l  a n g l e - o f - a t t a c k  h i s t o r y  i s  p r e s e n t e d  a t  t h e  
t o p  o f  t h e  same f igures, while below the corresponding ?/qc data i s  t h e  
l o c a l  a n g l e - o f - a t t a c k  h i s t o r y  a t  each  sensor. These parameters  are 
presented as a f u n c t i o n  o f  t i m e  a f t e r  l i f t o f f  (TALO) f o r  a TALO range of 
1638 t o  1644 seconds which encompasses a1 1 acacstic sensor data from the 
f i r s t  s t r o n g  a c o u s t i c  s e n s o r  s i g n a l s  u n t i l  a l l  sensors were f u l l y  
saturated.   Again,   the  ident i f icat ion and l o c a t i o n  o f  t h e  sensors  are 
noted a t  t h e  t o p  o f  each f i gu re .  
The s u r f a c e  p r e s s u r e  f l u c t u a t i o n  r a t i o s  i n  each f i gu re  a re  cha rac te r i zed  
by a s e r i e s  o f  peaks which coincide with the t imes when the  veh ic le  was 
a t  a h igh loca l  angle-of -at tack.  The gaps i n  t h e  P/qc data  correspond  to 
eer iod of  sensor  saturat ion (see F igures 24 t o  26). I n  these  regions  the 
P/qc r a t i o s  can on ly  be  grea ter  than the  leve ls  ind ica ted  where the data 
% 
% 
% 
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reaches saturation. 
The apparent correlation of the 8/qc peaks with h i g h  levels of total  
angle-of-attack, which  can be seen i n  Figures 27 through 29,actually results 
from the fact that the local angles-of-attack at  the three sensors were 
near either a maximum or a minimum value when the vehicle total angle-of- 
attack was a t  a maximum. The sharp rises i n  pressure fluctuation. level 
when the sensors are a t  a h i g h  positive local angle-of-attack are of 
in te res t  i n  this study because they are caused by. boundary 1 ayer transi - 
tion. The h i g h  P/qc spikes which coincide w i t h  negative  local  angles-of- 
attack a t  the. sensors are believed t o  be a result  of a h i g h  turbulence 
level in the separated flow region on the leeward side of the vehicle, 
These regions of h i g h  pressure fluctuation level, which are marked with an  
asterisk (*) in Figures 27 through 29, were no t  analyzed because an 
investigation of separated flow turbulence was  beyond the scope of the 
present study. 
The first  sensor signal for all  three channels occurred a t  a TALO of 
about  1638.45  seconds. Although these signals are strong, the data is 
believed questionable because of the simultaneous occurrence of a strong 
vehicle vibration. The origin of this vibration is unknown b u t  i t   i s  
quite possible t h a t  i t  could have resulted in the indicated acoustic 
sensor response. Similar vibration levels were n o t  measured with the 
vi b ra t ion  sensor a t  the other pressure fluctuation peaks which again casts 
suspicion on the f i r s t  acoustic sensor signals. The f i rs t  acoust ic  
da t a  peak with the Channel 5 sensor (see Figure 29) could be explained on 
the basis of the sensor being in a region of  separated flow. However, the 
signals a t  the same time from the Channel 3 and 4 sensors cannot be 
explained on the basis of turbulent flow condi tions a t  the sensors because 
of an inadequate combination of vehicle attitude and a1 t i  tude conditions. 
This fact will be demonstrated l a t e r  when flow field calculations are 
made for conditions corresponding t o  various P /qc  levels.  
These flow field calculations were performed for several cases; the 
case numbers and TALO fo r  which they were calculated are shown i n  Figures 
27 through 29 with a number and arrow. Emphasis was placed on calculations 
for conditions when the sensors were on the vehicle windward ray. The 
times when the sensors were on bo th  the cone  windward and leeward meridian 
% 
2r 
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are indicated along the axis  of each-local angle-of-attack plot. 
A dashed l ine  has been placed through the P/qc  da t a  a t  a level of 9 x 10- . 
This i s  the "fully turbulent'  level established by the Flight 2 data i n  
Section 4.2.6. Pressure fluctuation levels above this value  should 
indicate the presence of a turbulent boundary layer  a t  tha t  s ta t ion  i f  the  
sensor is n o t  i n  a region of separated flow. Negligible levels, on the 
other hand, should indicate the presence of a 1 aminar boundary layer,  
while values between these levels indicate a transit ional boundary layer. 
The following eight flow field cases were computed based on the Channel 3 
acoustic sensor data (see Figure 27).  
'L 4 
0 .  Case 9: Peak level of P / q _ ,  
'L 
0 Case 10: 
0 Case 11: 
0 Case 12: 
0 Case 13: 
0 Case 14: 
0 Case 15: 
0 Case 16: 
The  Channel 4 and 
sensor because of 
b 
Sensor on windward 
Peak level o f  P/qc  
Sensor on windward 
(transit ional ) 
'L 
sensor close t o  windward ray (turbulent) 
ray near 8/qc peak (turbulent) 
and sensor on windward ray (turbulent) 
ray with intermediate P /qc  level 
% 
Peak level o f  P/qc ,  sensor not close t o  e i ther  windward 
or leeward ray (turbulent level -sensor in separated flow) 
Apparent peak level of P/qc  although sensor saturated 
,-b 
'L 
(turbulent)  
Sensor on windward 
(transit ional ) 
Sensor on windward 
(1 ami nar )  
5 sensors provided 
ray with intermediate P/qc level 
'L 
ray w i t h  negligible P/qc level 
'L 
less acoustic da t a  t h a n  the Channel 3 
their  locat ion fur ther  af t  on the vehicle which caused 
ea r l i e r  boundary layer transit ion and sensor saturationjat  a higher 
a1 ti tude. The fol lowing f ive  flow fie1 d cases were analyzed based on the 
Channel 4 da ta  (see Figure 28). 
0 Case 22: Peak level of P /qc  which appears  questionable  (turbulent?) 
0 Case 23: Peik  level  of P/qc although  sensor i s  saturated, a high 
'L 
'L 
1 oca1 angl e-of -attack  (turbulent) 
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0 Case 24: Sensor on  windward ray w i t h  what appears  could be a 
% 
P/qc  peak i f  the sensor  was n o t  saturated (turbulent)  
0 Case 25: Sensor on windward ray w i t h  an intermediate P /qc  level 
% 
0 Case  42: 
e Case  43: 
e Case 44: 
e Case  45: 
( t rans i t iona l )  ~ 
0 Case 26: Sensor on windward ray w i t h  an intermediate P /qc  1 eve 
% 
( trans i ti onal ) 
Only four flow field cases were of interest  based on the Channel 5 data 
These cases are 1 i s  ted bel ow (see Figure 29) .  
Local angle-of-attack a t  a maximum w i t h  a h i g h  b u t  
sensor saturated P / q c  level (turbulent) 
Apparent peak level of P / q c  w i t h  the sensor saturated 
(turbulent)  
Local angle-of-attack a t  a maximum w i t h  a high b u t  
sensor saturated P / q c  level (turbulent) 
Apparent peak level of P /qc  w i t h  the sensor saturated 
(turbulent)  
'L 
'L 
'L 
The results of flow field calculations corresponding to  the above cases 
1 
are presented i n  Section 5.3.2 following a description of the flow f i e ld  
analysis.  Correlations of the h i g h  angle-of-attack  transition  data 
uti l izing these flow f ie ld  resu l t s  a re  then presented i n  Section VI. 
Prior t o  presenting the Flight 1 base pressure and e lec t ros ta t ic  probe data 
and qual i ta t ive t ransi t ion resul ts  f r o m  Flight 1 thermocouple data a brief 
comparison w i  11 be made between the acoustic sensor data from F1 i g h t s  1 and 
2. Channel 3 sound pressure  level (SPL) data from these two f l ights  are  
presented  together i n  Figure 30. The Flight 1 data  are  presented  as i n  
Figure 24, while the F l i g h t  2 data from Figure 16 have been shif ted along 
the TALO scale  so the a1 ti tudes fo r  the two f l igh ts  correspond a t  any given 
time. Since the velocitylal ti tude character is t ics  of the two f l igh ts  were 
very similar, this will  ensure that the freestream Mach numbers and Reynolds 
numbers for the two vehicles will almost be equal a t  a g i v e n  TALO i n  . 
Figure 30. Consequently,  the  difference  in  the SPL character is t ics  from 
the two f l igh ts  should only be caused by the h i g h  angle-of-attack of 
Flight 1 during reentry. If the f i r s t  peak of Flight 1 SPL da ta  i s  ignored 
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(data i s  ques t ionab le  fo r  the  reasons  d iscussed ear l ie r )  , t h e  F l i g h t  1 
midcone sensor responds t o  a t u r b u l e n t  boundary ( i n t e r m i t t e n t  because of 
the vary ing angle-of -at tack)  about  10 km h i g h e r   i n  a1 ti tude than the 
F l i g h t  2 midcone  sensor f i r s t  responds t o  t r a n s i t i o n  o n s e t .  A t  a TALO 
o f  about 1641 seconds t h e  F l i g h t  1 a c m s t i c  s e n s o r  s t i l l  f l u c t u a t e s  i n  
l e v e l  b u t  i n  the mean gradual ly  increases unt i l  the sensor  reaches 
sa tura t ion .  A dashed 1 i n e  has been placed through the mean of  the  
minimum l e v e l s  o f  SPL i n  t h i s  r e g i o n  o f  g e n e r a l l y  i n c r e a s i n g  SPL. 
F igure 27  shows that these minimun levels o f  SPL correspond t o  mi'nimum 
veh ic le  to ta l  ang les-o f -a t tack  rang ing  from about 5 degrees a t  a TALO 
o f  1641.4 seconds t o  2.5 degrees a t  a TALO of  1643.4  seconds. As shown 
i n  Figure 30, t he  d i f f e rence  in  a1 ti tudes between the minimum l e v e l  
F l i g h t  1 da ta  and the  F l igh t  2 data are about 3 km and 2 km a t  sound 
p r e s s u r e  l e v e l s  o f  120 db (aT % 5 degrees) and 150 db (aT % 2.5 degrees) , 
respec t ive ly .  I n  the  same p e r i o d  t h a t  t h e  F l i g h t  1 minimum t o t a l  a n g l e -  
of-attack decreased from 5 t o  2.5 degrees the local  angle-of-at tack at  
the Channel 3 sensor had values a t  t h e  f i v e  minimum l e v e l s  i n  t h e  F l i g h t  1 
data o f  about 4, 5, 9, 6, and 10  degrees. 
A comparison o f  t h e  Channel 4 and 5 da ta  f rom F l i gh ts  1 and 2 showed 
s imi la r  t rends  to  those presented  here  based on the  more extens ive 
Channel 3 data. On the  bas is   o f   the  facts   presented above, it would 
appear tha t  the  acous t ic  sensor  t rans i t ion  da ta  a re  more d i r e c t l y  
a f fec ted  by the  veh ic le  to ta l  ang le -o f -a t tack  than by the  loca l  ang le -o f -  
a t tack  a t  the  sensor. The reason f o r  t h i s  b e h a v i o r  i s  n o t  w e l l  u n d e r s t o o d  
bu t  may be connected with the strong crossf low on cones a t  even small 
angles-of-attack. 
4.3.2 - Hm . Angle-of-Attack Base Pressure  Data 
F l i g h t  1 base pressure data normal ized wi th  the f reest ream pressure are 
presented i n  F i g u r e  31 f o r  an a l t i t u d e  range  from 90 km t o  30 km. The 
v e h i c l e  t o t a l  a n g l e - o f - a t t a c k  h i s t o r y  i s  p l o t t e d  below t h i s  d a t a  f o r  
the  same range o f  a l t i t u d e .  The base  pressure  data shows  a pronounced 
pressure   var ia t ion  because o f  veh ic le  ang le -o f -a t tack .  Th is  e f fec t  
a r ises  because the  h igh  cone pressure generated by excessive vehicle 
o s c i l l a t i o n  was fed af t  through the separated boundary layer  to  the base 
region. The o b s e r v e d  o s c i l l a t i o n s  i n  base pressure  cor re la te  we l l  w i th  
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the total angle-of-attack variations. Boundary layer  t ransi t ion onset  a t  
the base of this vehicle uas not detectable from the base pressure data. 
Accuracy of the base pressure data was determined t o  be k4 percent of fu l l  
scale (see discussions of data errors i n  Section 4 . 2 . 2 ) .  
4 .3 .3  High Angle-of-Attack Electrostat ic  Probe  Data 
Examples  of the saturation current density histories measured by the 
e lec t ros ta t ic  probes on Flight 1 a re  shown i n  Figures 32 and 33. Also 
shown are the histories o f  total  and local angle-of-attack, and of sensor/ 
windward angle, for the probe locations a t  which the data were measured. 
The saturation current density histories shown i n  the figures are typical 
of those measured by a l l  probes on Flight 1 i n  that  large amplitude 
fluctuations were measured which correlate  w i t h  to ta l  and local angle-of- 
attack. Over the p o r t i o n  of the a1 t i tude range where local and total angle- 
of-attack variations were of nearly equal per iod ,  the amplitude of the 
saturation current density fluctuations t e n d  t o  be larger  for probes 
located  along  azimuths for  which variation i n  total  and local angle-of- 
attack are nearly i n  phase (Figure 32) than for probes  along  azimuths 
where the angles-of-attack are nearly o u t  of phase (Figure 3 3 ) .  The large 
changes i n  saturation current density levels are produced by variations 
i n  boundary layer densit ies and profiles which are  due t o  the changes i n  
vehicle alt i tude and a t t i tude  d u r i n g  reentry. Flight 1 saturation current 
his tor ies  cannot be used to distinguish laminar and transit ional regimes. 
They do, however, provide an indication of the a1 t i  t u d e  ranges over which 
the individual data sweeps  can be expected t o  provide such information. 
When the measured saturation currents are outside the range of the 
amplifiers,  al l  or par t  of the currents measured d u r i n g  the corresponding 
sweep periods will be outside the amplifier range and will not be useful 
for transit ion detection. This occurs over different a1 t i  tude ranges 
for  d i f fe ren t  probes  depending upon axial probe location, azimuthal probe 
location, and probe type. The f u l l  s e t  of saturation current density 
histories for Flight 1 can be found i n  Reference 10. In addition t o  the 
a1 t i  tude ranges excluded from consideration by the 1 imi ts of the amp1 i f i e r s ,  
a1 t i  tude ranges have been excluded where the probe data were affected 
e i ther  by vehicle nose outgassing (only a t  very h i g h  a l t i t udes ) ,  boundary 
layer injection experiments, or interruptions for calibration sweep 
measurements (see References 9 t h r o u g h  12 for  detai  Is). Electrostat ic  
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probe measurements made w i t h i n  these excluded a1 t i  tude ranges cannot be 
used as a source of information on  boundary layer transit ion.  Windward 
ray e lec t ros ta t ic  probe data which were subject t o  one o r  more of these 
effects are identified i n  Table IX of this report and i n  Table 111 of the 
addendum, Reference 3. 
The individual Flight 1 e lec t ros ta t ic  probe data sweeps  have been used 
t o  investigate boundary layer  t rans i t ion  a t  each probe heatshield location. 
This has been  done u s i n g  the cr i ter ion developed for  the zero angle-of- 
attack data and described i n  Section  4.2.3. Although large excursions 
i n  saturation current levels were measured d u r i n g  reentry, the changes i n  
measured saturation current levels d u r i n g  single sweep periods were 
generally small enough that  the individual current-voltage characteristics 
were qual i ta t ively of the same form as those measured on Flight 2 (see 
Figures 9 ,  10,  20, 21 , 34, 35  and 36). Examination of the useful data 
ranges (described above) shows that  f luctuat ions appear i n  the data 
sweeps a t  higher a1 t i  tudes on Flight 1 than on Flight 2 (par t icu lar ly  a t  
rear probe locat ions) ,  and tha t  i n  many cases there are periods of laminar- 
type data without fluctuations between periods of fluctuating data.  As 
described bel ow, a1 1 data measured while probes were located along the 
windward ray o r   a t  k5 degrees from the windward ray have been examined 
for  evidence  of boundary layer transit ion.  In addition,, some data 
obtained a t  much larger sensor/windward angles have  been analyzed. 
4.3.3.1 Measurements on Windward  Ray 
The e lec t ros ta t ic  probes on Flight 1 were located along the heatshield 
surface a t  t h ree  azimuthal locations (+s = 0 ,  150  and 180 degrees) as 
shown i n  Figure 13. The times a t  which each o f  these  azimuthal  locations 
passed through the windward ray d u r i n g  reentry are given i n  Table 111  of 
Reference 3. Also given i n  the same table  are  the  times a t  which the probe 
azimuth locations were f ive  degrees on either side of the windward ray. 
The probes d i d  not pass th rough  the windward ray a t  the same ra te  i n  each 
case, b u t  did so a t  a ra te  determined by the corresponding ra te  of change 
of vehicle attitude. The time interval for the passage of probes from -5 
degrees sensor/windward angle t o  +5 degrees sensor/windward angle varied 
Table I11 of Reference 3 contains the information i n  Table IX of this 
report together w i t h  the associated times after lift-off,vehicle velocities, 
a l t i tudes ,  and freestream densities, temperatures, pressures and viscosi t ies .  
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from approx imate ly  ten  percent  o f  a sweep p e r i o d  t o  n e a r l y  a f u l l  sweep 
per iod  (0.1  second). The e lec t ros ta t i c  p robe  measurements made a t  -5, 0 
and +5 degree sensor/windward locations were examined t o  determine whether 
the data ind icated that  the boundary 1 ayer  was l o c a l l y  l a m i n a r  o r  t r a n s i -  
t iona l .  Wi th  on ly  a  few  exceptions  (see  Table IX o f  t h i s  r e p o r t  and Table 
111, Reference 3 ) ,  t he  t rans i t i on  resu l t s  ob ta ined  f rom the  -5 and +5 degree 
sensor/windward measurements  were the same as t h e  t r a n s i t i o n  r e s u l t  f r o m  
the  corresponding  windward  ray measurements. The freestream condi t ions 
(Mach number, v e l o c i t y  , temperature, pressure and dens i ty ) ,  a1 ti tude, and 
ang les-o f -a t tack  ( to ta l  and l o c a l  ) a t  t h e  t i m e  o f  each windward ray probe 
measurement are given i n  Table I V  o f  Reference 3. Freestream  density, 
temperature, pressure, and v i s c o s i t y  have  been eva lua ted  fo r  each a1 t i t u d e ,  
us ing the U. S. Standard Atmosphere,  15  degrees North Annual o f  Reference  18. 
Freestream Mach number  and v e l o c i t y ,  a1 t i t u d e ,  and to ta l  ang le -o f -a t tack  
are  a lso  g iven fo r  each -5 and +5 degree  sensor/windward  measurement. The 
Standard Atmosphere f r e e s t r e a m  p r o p e r t i e s  a r e  n o t  l i s t e d  f o r  t h e  f 5  d e g r e e  
measurements  because i t  was found that  they d i f fered f rom the windward ray 
values by no more than a few percent. 
Each windward ray probe measurement  has  been assigned a case number i n  Table 
IX o f  t h i s  r e p o r t  and Table I11 o f  Reference 3.  Flow f i e l d  c a l c u l a t i o n s  o f  
l o c a l  Mach  number and Reynolds number based on l o c a l  boundary 1 ayer 
displacement thickness have been made f o r  each  case. The r e s u l t s  , which 
a r e  g i v e n  i n  t h e  Same tables,  have  been  used t o  c o r r e l a t e  t h e  e l e c t r o s t a t i c  
probe windward ray t ransi t ion resul ts i n  Sect ion VI. 
4.3.3.2 Measurements o f f  Windward Ray 
With the except ion of  the excluded a1 ti tude ranges referred to above , the 
F l i g h t  1 e lec t ros ta t i c  p robe  measurements c o n s t i t u t e  a potent ia l  source 
o f  boundary l a y e r  t r a n s i t i o n  i n f o r m a t i o n  o v e r  t h e  f u l l  r a n g e  o f  r e e n t r y  
a l t i t u d e s  and veh ic le  a t t i t udes .  A l though  inves t i ga t i on  o f  boundary l a y e r  
t rans i t ion us ing windward ray measurements was the  p r imary  ob jec t i ve  o f  
t h i s  study,  cer ta in  measurements made a t  sensor/windward angles greater 
than f5 degrees have  been  examined. Several c r i t e r i a  were  used t o  s e l e c t  
the measurements which were  xamined. F i r s t  t he  i nves t i ga t i on  was r e s t r i c t e d  
to  data obta ined whi le  probes were located at sensor/windward angles no 
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greater than +90 degrees. T h i s  was done to  es tabl ish a reasonable upper 
bound  on the sensor/windward angles for the flowfield calculations. Even 
w i t h  this res t r ic t ion ,  the amount of data available for analysis was 
beyond the scope of this effor t ,  s ince measurements were made a t  six axial 
stations  while  vehicle  atti tude and reentry a1 t i  tude,were continuously 
changing. Investigation of "off windward ray" data was therefore further 
restr ic ted  to  : 
( a )  measurements made a t  or near each onset of f luctuations i n  the 
probe data.  Included i n  this set  were measurements (sampled a t  s h o r t  
time intervals and only when the sensor/windward angle was <90 degrees, 
see Table IX of this report and Table V of Reference 3) w h i a  were 
made d u r i n g  the period of data fluctuations that followed each onset. 
(Figure 36  shows  an  example of onset dur ing  a single sweep period and 
ident i f ies  the corresponding samples used i n  the tab les , )  These 
measurements were selected because they provide a sampling of the 
range of reentry conditions for which the e lec t ros ta t ic  probe data 
indicate the presence of  local boundary layer transit ion or turbulence. 
I t  should be noted ,  however, tha t  th i s  sampled range of  conditions 
does n o t  include cases where the boundary 1 ayer may have been 
turbulent while probe currents were outside the amplifier range, 
or cases where data fluctuations occurred i n  measurements made 
a t  sensor/windward angles >90 degrees (which often occurred). 
( b )  measurements (primarily of  smooth laminar-type  data) which  were 
made a t  o r  near  local  angle-of-attack maxima. These measurements 
were selected t o  provide  a sampling of the largest angle-of-attack 
conditions under which the electrostat ic  probe data indicate that 
the boundary layer was laminar (or, i n  several cases, transitional ) . 
Here, t o o ,  i t  should be noted that  this  sampled range of conditions 
does n o t  include cases where the boundary layer may have been 
laminar while probe currents were outside the amp1 i f i e r  range. 
The transit ion results,  at t i tude conditions,  and flowfield parameters for 
the measurements described i n  ( a )  and ( b )  above are summarized i n  Table IX 
of this report and presented i n  detail  i n  Tab1 e V and Table VI of Reference 
3 ,  respectively.  Flowfield  calculations of local Mach number  and local 
Reynolds number based on  boundary layer displacement thickness for these 
data were  beyond the scope of this e f f o r t  and so the "off windward ray" 
resul ts  are  no t  plotted i n  the figures of this report. 
4.3.4 High  Angle-of-Attack Thermocouple  Data 
Temperature data as a function of time were obtained from e i g h t  forebody 
thermocouples on the Flight 1 vehicle. These thermocouples were located 
a t  four  ax ia l  s ta t ions  along two conical  rays 90 degrees apart. The 
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thermocouple instal la t ions and locations were identical to those described 
i n  Section 4 .2 .4  for the Flight 2 vehicle. Plots of the temperature 
history data for each thermocouple are presented i n  Reference 1 and, 
consequently, are n o t  repeated here. 
- Boundary layer transition onset a1 titudes were estimated for each thermo- 
couple s ta t ion  by determining the a1 t i tude where the temperature/time 
slope departed significantly from the preflight laminar prediction. 
These boundary layer  t ransi t ion al t i tudes and estimated error bars are 
presented i n  Figure 37 as a function of vehicle axial station. The er ror  
bands were established by the difference i n  the t ransi t ion al t i tudes 
estimated from the two thermocouples a t  each axial station. Since these 
data were not reduced t o  heat transfer rates and because of the angle-of- 
attack effects i n  the data, i t  i s  quite possible that the errors are 
greater than those shown. 
As a basis for comparison, the a1 t i  tudes a t  which the acoustic sensors 
f i r s t  responded w i t h  a strong turbulent signal (questionable signal a t  
TAL0 = 1638.45 seconds was n o t  used) and  a1 so when they fully saturated 
are shown i n  Figure 37. I t  can be seen that  the acoustic sensors 
responded t o  intermittent turbulent conditions a t  a1 titudes well above 
those  presently  determined from the thermocouple data. The temperature 
data from the thermocouples d i d  show a s l ight  var ia t ion w i t h  vehicle 
angle-of-attack, b u t  this was essent ia l ly  ignored i n  the selection of the 
transit ion onset alt i tudes.  As a resul t  of t h i s  and thermal lag effects  
inherent i n  this type o f  measurement, the transition altitudes presented 
are actually based on an integrated or averaged  heating rate history.  I t  
is  quite possible that if  the thermocouple data were reduced t o  heat 
transfer rates, these data would also show intermittent transit ional or 
turbulent boundary layers a t  higher a1 t i  tudes. 
Also presented i n  Figure 37 for  comparison are the vehicle transition 
alt i tudes established by the Flight 2 e lec t ros ta t ic  probe and thermocouple 
data, Comparison of the transit ion onset alt i tudes for Flights 1 and 2 
based on these thermocouple data substantiates the acoustic sensors result 
that vehicle angle-of-attack tends t o  increase the boundary layer transit ion 
a l t i tude .  The thermocouple data indicate that the difference i n  t ransi t ion 
al t i tude var ies  from about 5.5 km a t  the  a f t  vehic le  s ta t ion  t o  about 
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2.5 km a t  a midcone s ta t ion.  These results and the t ransi t ion a1 t i tudes 
determined from 'the Fl ight  1 thermocouple data should only be considered 
i n  a qua l i ta t ive  sense because of the nature of t he  data and the method 
used t o  select the t ransi t ion al t i tudes.  
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V.  FLOW FIELD  ANALYSIS 
A flow field analysis for a cone a t  angle-of-attack was performed i n  an 
a t tempt  t o  correlate the boundary layer t r a n s i t i o n  flight data presented 
i n  Section IV w i t h  instantaneous flow parameters. The main objective was 
t o  develop an engineering approach for estimating the flow f ie ld  about a 
sharp cone for angles-of-attack up t o  40 degrees. 
5.1 GENERAL APPROACH 
The flow f i e ld  around cones a t  high angle-of-attack is extremely complicated. 
W i t h  the help of some recent experiments, i t   i s  well recognized t h a t  the 
problem is  basical ly  one involving a viscous-inviscid interaction for which 
no satisfactory solution has as yet been reported. In f ac t ,  because of the 
existence of a vortical  singularity on the leeward meridianal plane, even a 
solution t o  the inviscid flow f i e l d  i s  not  a tr ivial  matter as demonstrated 
by Stocker and Mauger i n  Reference 21. In sp i t e  of these diff icul t ies ,  an 
approximate calculation scheme  has  been developed and is presented here i n  
which the inviscid surface streamlines are determined for a given angle- 
of-attack and freestream condition by relating the external pressure field 
t o  the  local geometry. W i t h  this solution, the boundary layer characterist ics,  
such as the displacement thickness and the momentum thickness, along the 
inviscid surface streamlines are estimated using a local similarity approxi-  
mation. The viscous-inviscid interaction between the external flow f ie ld  
and the boundary layer  is  a lso accounted for  i n  this analysis. However, the 
vorticity interaction was ignored for the relatively sharp-nosed configura- 
tions of interest here. The analysis uses real gas properties and does not  
account for real gas effects .  
5.2 ANALYSIS 
5.2.1 Governing Equations 
Let 6 and be the  orthogonal  curvilinear  coordinates on the cone surface 
and c be the distance measured  normal t o  the  surface.  Furthermore, l e t  
h l ,  h 2  be the metric coefficients associated w i t h  this coordinate system. 
Then, a different ia l  l ine element i s  given by 
(de)2  = h12 dc2 + h 2 2  dn2 + d c  2 
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When the boundary layer thickness is smal 1 compared w i t h  the cone radius, 
the metrics h l  and h2 may  be considered as functions of 5 and TI only. 
Let u ,  v ,  and w represent the corresponding velocity components i n  this 
coordinate. Then, the boundary layer  equations become: 
Continuity 
Momen tum 
Energx 
(5.6) 
where H = h + - ( u  + v 2  + w ) is the total enthalpy. 
And, K1 and K2 denote the curvatures o f  l ines 6 = constant and q = constant, 
respectively, and are given by 
1 2  2 
2 
5.2.1.1 Inviscid  Field 
A t  the edge of the boundary 1 ayer, Equation (5.4) becomes 
I .  
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by taking TI = constant along the inviscid streamline. 
Now, l e t  ( R ,  cp) be the polar coordinates on the developed cone surface, 
as shown on the following sketch. 
The angle @ on the sketch is  defined by 0 = $ s in  ec w i t h  $ being the 
azimuthal angle measured clockwise from 'the windward meridian when viewing 
from the  base, and ec being the cone half-angle. Furthermore, l e t  B be 
the  angle between the inviscid streamline and the ray cp = constant. Then 
the streamline curvature K2 i s  given from the geometry by 
Combining Equations (5.8) and (5.9)  gives 
Also, from the geometry 
(5.10) 
(5.11) 
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and 
(5.12) 
Moreover, since the cone is a developable surface 
(5.13) 
Then, Equations (5.7) and (5.8) yield 
(5.14) 
Equations  (5.10),  (5.11),  (5.12), and (5.14) determine the inviscid surface 
streamline i f  the pressure i s  known as functions of E and rl. The four 
unknowns 8,  0, R, and h2 describe the geometry of the surface streamline. 
5.2.1.2 Boundary Layer 
In the inviscid surface streamline coordinates, the crossflow velocity v 
vanishes  both a t  the wall and a t  the edge of boundary layer. Therefore, 
i f  the pressure gradient normal to  the streamline, ap /an ,  (and hence the 
s treaml ine  curvature) is not too 1 arge, the crossfl  ow velocity w i  11 be 
small across the entire boundary layer. As a f i r s t  order approximation, 
the boundary layer equations for small crossflow may  be written as  
(5.16) 
(5.17) 
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Now, define the transformed coordinates by 
% 
= f z ( s , z )  
'e 
(5.18) 
(5.19) 
(5.20) 
% 
" - 1 + s ( s , z )  (5.21) 
He 
% 
w i t h  subscripts z and s indicating  partial  differentiations. Then, the 
governing equations can be written as 
% 
= 2S(fZS% - fCSZ)  
s s  
(5 .22)  
Similarity solutions for Equations (5.22) exis t  only  under special 
circumstances. For example, i f  the rate of change o f  the pressure gradient 
parameter 
(5.23) 
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along s is  small, the flow may be considered as locally similar and 
Equation (5 .22)  may be approximated by 
,-b 
(Cf,,), + f fzz  + F(1 + s - f Z 2 )  = 0 
- (k sz), + fS, - (7 Cf,f,, 2 ) = o  1 - Pr 
where 
3 
(5 .24)  
Solutions to Equation (5 .24)  w i t h  various boundary conditions are well 
known (e.g., Dewey and Gross have presented a compi 1 ation o f  similar 
solutions for a wide variety o f  physical situations i n  Reference 22) .  
Based  on the similarity solutions, the boundary layer momentum thickness 
i s  obtained from 
where 
The displacement thickness i s  similarly obtained from 
where 
(5.25) 
(5.26) 
(1 - f, )dz  - (1 - 2 (1 - G)dz 
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and H - Hw 
G =  
He - Hw 
A correction caused by the crossflow w i t h i n  the boundary layer may  be 
obtained by computing the  crossflow  velocity component v by neglecting ' 
the convective term ( v  av /an )  i n  the crossflow momentum Equation (5 .4) .  
Then, the correction t o  u ,  w ,  and H may  be obtained from the full equations 
by treating v terms  as forcing functions. For the present investigation, 
this correction was not performed. 
5.2.2 Inviscid  Pressure  Field 
I t  is apparent from the governing equations t h a t  the pressure field outside 
the boundary 1 ayer has t o  be specified or 1 inked t o  the 1 oca1 geometry. 
Since the Mach  number range of interest  i n  the present investigation was 
of the order of 20, the Newtonian pressure field gave a good approximation. 
The experiment of Tracy (Reference 23) clearly demonstrated the adequacy 
of a simple Newtonian representation by comparison t o  other more sophis- 
ticated theories. If the interaction caused by the growth of the boundary 
layer displacement thickness i s  taken into.account, an even better agreement 
of the Newtonian theory with Tracy's da ta  i s  expected. However, for a 
cone a t  h i g h  angle-of-attack, the Newtonian representation i s  defini te ly  i n  
error i n  the "shadow" region  near  the leeward ray. On the other hand,  none 
of the more sophisticated inviscid theories give a correct description in 
this region because of the strong interaction w i t h  the viscous crossflow. 
Therefore, a Newtonian pressure field was used in the present investigation 
and the pressure in the "shadow" region was  assumed t o  be the freestream 
Val ue. 
The Newtonian angle, eL, i s  defined as the angle between the tangent t o  
the surface and the freestream velocity. Thus, eL i s  generally greater t h a n  
zero. A t  the s t agna t ion  point, eL = r/2. When the  freestream  velocity 
vector coincides w i t h  the surface, eL = 0. For eL < 0 ,  eL i s  s e t  t o  zero 
as a resu l t  of the constant pressure shadow region assumption discussed 
above. 
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According t o  Newtonian theory, the pressure coefficient is defined by 
P - Pm 2 Cp = .1-2 = 2 sin eL  
m"co 
and 
'e 
" - cos eL 
The s t a t i c  temperature is similarly obtained from 
I 
= 1 + v-l M ~ *  sin 2 eL 
m 2 
(5.27) 
(5.28) 
(5.29) 
For the purpose o f  estimating the local Reynolds  number, i t  i s  further 
assumed t h a t  II % T. All other variables of in te res t  can also be related 
t o  this  Newtonian angle, eL.  For a given cone half-angle, ec and angle- 
of-attack, a the Newtonian angle is  re la ted t o  the azimuthal angle, IJJ by: 
sin eL = sin ec  cos CY + cos e c  sin a cos IJJ (5.30) 
5.2.3 Method of  Solution 
Let h , d S  = ds and L = 1 , the final set  of governing equations are 
= cos B ds 
Q = sin B 
ds R sin ec 
(5.31) 
1 a e L  
" - 
ds dB - 2F1 sin eL cos e -- - L h2 a n  
- = (1 + 1.4M: s in  eL)  cos eLh2 d s  2 2 ds 
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dh 
$ =  H1 
dH aeL 2 & = - h2 [4F12 sin2eL (cos eL T) 2F1 F2 sin eL (cos eL 
where 
2 1 + 0.2M: s in  2 eL 
pmu, 1 1 1 aF1 
OeUe cos e L 1 + 1 .4Mm2 sin e L 
F ( e )  y=- 1 L  2 ; F 2 = - - -  F1 h2 a n  
Solution t o  t h i s  s e t  o f  equations describes the inviscid surface stream- 
l ine.  The boundary layer characteristics are obtained by f i r s t  estimating 
the pressure gradient parameter, 8 .  
- 
% 
- 1 + 0.2M: 4F1S sin eL cos eL d e L  
8 = -  
2 2  (5.32) 1 + 0.2Mm sin eL % (ds/ds) 
Then, the displacement thickness i s  given by 
-1 /2  
Rm 
6* = F ~ C O S  eL  - k [t I2  - I, 
h2 1 (5.33) 
and the momentum thickness 
R -1 / 2  
e* = F ~ C O S  eL - - I1 
h2 
(5.34) 
The integrals I1 and I2 as functions of the pressure gradient parameter 
are obtained from Dewey and Gross' similarity solutions. 
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Since relatively h i g h  a l t i tude f l ights  are  of primary interest  i n  the 
present study, the freestream Reynolds number  may  be  low  enough such t h a t  
the interaction caused by the growth of boundary layer should be considered. 
This interaction is accounted for  by modifying the local surface inclination. 
Specifically, the local cone angle and azimuthal angle become (ec  + 6R ) 
and ( a  - 6$ / R  sin ec) ,  respectively. Here the subscripts R and J, indicate 
partial  differentiations and are further approximated by 
* 
* 
(5.35) 
The rate  of growth of the boundary layer displacement thickness across the 
stream1 ine has  been neglected i n  o b t a i n i n g  Equations (5.35). W i t h  t h i s  
displacement thickness interaction included, Equat ion (5.30) becomes 
s in  OL = cos ec s in  a cos J ,  + sin ec cos a 
+ [cos B (cos ec cos a - sin ec sin a cos J , )  
+ sin B cos ec s in  a sin J ,  
d6* 
1 (5.36) 
The ra te  of change of the displacement thickness, 6 * ,  along the streamline 
can be obtained from Equation (5.33) and then used in Equation (5.36) t o  
estimate the Newtonian angle, e L ,  a t  the next station. This method  of 
solution is not  a n  exact interaction model  which requires a simultaneous 
integration of 6* together w i t h  the remaining unknowns.  However, because 
of the relatively h i g h  Reynolds number flow considered, this set of 
equations is  very " s t i f f "  and i s  d i f f i c u l t  t o  handle numerically. The 
present alternate method of solution is believed t o  give a f a i r  approxi- 
mation t o  the full interaction result and does not  pose any numerical 
pro bl  em. 
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1.1111 I1 I . .. 
5.2.4 In i t i a l  Conditions 
The complete s e t  of governing equations can be readily integrated 
numerically w i t h  the proper initial conditions. I t  should be noted t h a t  
as R tends t o  zero- (sharp-pointed cone), the equations become singular. 
However, for  a l l  p rac t ica l  s i tua t ions ,  there  i s  a small spherical nosetip. 
Since the streamline on a spherical section is always a great  c i rc le  
passing through the stagnation p o i n t ,  certain closed form solutions can be 
obtained i f  the viscous-inviscid interaction is ignored on the spherical 
section. Then the initial conditions a t  the  sphere-cone  junction can be 
estimated. 
,Each streamline is characterized by an i n i t i a l  azimuthal angle, qo,  a t  
the  sphere-cone  junction. For a spherical cap  of radius ro, the geometry 
gives 
R = ro ctn Bc (5.37) 
Let 0 '  be the center of the sphere, S the stagnation point and P be a 
p o i n t  on the sphere-cone junction w i t h  $ = q0. Then the angle 0, defined 
by the angle formed by SO' P i s  given by 
cos 0, = cos a sin O C  + cos e sin a cos 1c, 
C 
(5.38) 
0 
and the streamline passing through P is  the ci rcular  arc  along the sphere 
surface from S t o  P. For any p o i n t  Q on the streamline, the angle 
defined by the angle formed by SO'Q is  re la ted by the local inclination by 
cos 0 = cos a sin e R  + cos eRsin Q cos q R (5.39) 
with  subscript R referring t o  local  values. The remaining in i t i a l  
conditions can be easily shown t o  be 
hzO = r sin go 
0 
H10 = cos O0 
-1 sin a sin qo 8, = t a n  cos 8 cos a - sin e s in  a cos +o (5.40) 
C C 
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2.8Mz I - r : [ $ + T -  cos Oo 1 - 2 1.4M: 5 c0s40 0 I] 1 - 1.4Mm 3 2 % cos -Bo -  
* 1 + 0. 2Mm cos Oo R, 2 2  - l l 2  4 [ 1 + 0.2MZ - - 
6o 1 + 1.4M, cos Oo sin Oo ro 1 + 0.2Mm cos Bo 2 2 "2 2 2 I2 - I1 1 '  
After estimating the derivative 
given by 
sin eo = cos Do + (g) 
0 
sin 8 sin a cos $o) + 
C 
(ds*/ds),, the  in i t ia l  Newtonian angle i s  
[cos B, (cos ec cos a - 
sin B cos e sin a sin q0 (5.41) 
0 C 1 
5.3 RESULTS AND DISCUSSIONS 
The flow field analysis described i n  Section 5.2 was developed primarily 
for the purpose of calculating inviscid and viscous flow parameters for  
specific vehicle att i tude and flow conditions. In order t o  demonstrate 
general features of the flow field several cases were  computed  which 
yielded results of general interest for hypersonic flow over cones a t  
angle-of-attack. These results are presented in Section 5.3.1 while  the 
specific results t o  support the boundary layer transition analysis are 
presented in Section 5.3.2. 
5.3.1 General Flow Field  Results 
As a tes t  case,  a calculation was performed for the sharp-nosed 
(ro = 0.1-inch) 8-degree half-angle cone a t  zero angle-of-attack and a 
freestream  condition of Mm = 22.4 and Rm = 4.8 x 10 . The growth of 
the boundary layer displacement thicknes;r$s a function of the distance 
along the cone ax is  i s  shown i n  Figure 38. The characteristic length has 
been taken as the base radius rb = 2 fee t .  
6 
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Figure 39  shows the top view of several surface stream1 ines on a polar 
coordinate plot for an angle of attack aT = 12" (aT/BC = 1.5) a t  Mm = 21.7 
and Rm = 2.8 x 10 . Figure 40  shows the same plot  for  a higher angle-of- 
attack (aT/ec = 3.5) and a l t i tude.  Notice t h a t ,  except for the windward 
streamline, all streamlines are turned away from the windward ray by the 
azimuthal  pressure  gradient. I t  i s  i n t e r e s t i n g  t o  note t h a t  this converg- 
ence of streamlines on the leeward side has been a main concern for  people 
interested i n  nosetip transpiration cooling. 
Figure 41 demonstrates the change i n  pressure gradient for three stream- 
l ines.  The windward streamline (J,o = 0) shows a practically constant 
pressure as expected. Only a sl ight pressure rise over the inviscid 
value i s  observed near the nose because of the weak interaction effect  a t  
th i s  high  Reynolds  number. For most  of the streamlines off the windward 
ray, a rapidly decreasing pressure is experienced as the streamline i s  
turned away from the windward meridian.  Figure 42 shows the change  of 
azimuthal  angle along the streamline q0 = 2.5" and the corresponding growth 
of the boundary layer displacement thickness. For the purposes of comparison, 
the corresponding boundary 1 ayer growth on the windward meridian i s  shown 
on the same plot.  The thickening of the boundary layer as i t  passes from 
the windward t o  the leeward side can be visualized from this  p l o t .  
6 
For the purpose of correlation of the transition d a t a ,  i t  was sometimes 
desirable t o  o b t a i n  the local flow conditions a t  sensors located off the 
windward meridian.  Figure 43 shows the  local Mach number, M L ,  as a 
function of the meridian angle J, a t  x/rO = 1 for a freestream Mach  number 
of 21.7 and an angle-of-attack of 1 2  degrees. For this angle-of-attack 
the shadow region s t a r t s  a t  J, = 131".  Figure 44 gives the corresponding 
va r i a t ion  i n  the local Reynolds number based on the boundary layer displace- 
ment and momentum thicknesses. Figure 45 shows a cross plot of the las t  
two figures i n  terms of R,, vs ML. Two presumed transition correlation 
curves are also shown on the plot. First, consider correlation I .  
According t o  this correlation, the windward s ide is  more unstable t h a n  the 
leeward. The opposite is  t rue for  correlat ion 11. This relation may offer 
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the possible explanation t o  the conflicting tes t  resul ts  concerning the 
e f fec t  of angle-of-attack on the transition location movement.  However, 
i t  should be emphasized tha t  the crossf1ow.interaction may play an 
important role i n  this regard and has been ignored i n  the present analysis. 
Figures 46 and 47 indicate the effects  of angle-of-attack on the local 
conditions on the windward rays. I t  i s  interesting t o  note that the local 
u n i t  Reynolds number becomes less than the freestream  value  for aT 5". 
5.3.2 Flow Field  Results ~~ for  Flight 1. Transition  Analysis 
Flow field calculations were performed for specific vehicle att i tude and 
flow conditions experienced by the Flight 1 vehicle d u r i n g  reentry. 
These calculations were performed i n i t i a l l y  t o  support the analysis of 
the acoustic sensor data and  were then extended i n  the second phase of 
the study to provide additional results for analysis o f  the  electrostat ic  
probe data. 
The local cone Mach number  and local Reynolds  number based on the boundary 
layer momentum and displacement thicknesses and wetted length t o  the 
sensor were calculated for each acoustic sensor case. I t  was  hoped t h a t  
these parameters could be  used t o  correlate the acoustic sensor 
transition data. The calculations were straightforward  for  the  cases 
where the acoustic sensor was on the windward meridian. However, when 
the sensor was off the windward ray a trial-and-error technique was 
adopted i n  which the initial streamline angle at the vehicle nose was 
varied until a solution was obtained along a streamline which passed 
over the sensor. 
The results of these calculations are presented i n  Table VI11 together 
w i t h  the vehicle attitude conditions and nondimensional  wall pressure 
fluctuation levels. The results for the cases w i t h  the  sensor on the 
windward meridian are  presented f i r s t  fo r  each sensor. The vehicle 
velocity and  a1 t i  t u d e  which correspond t o  each case are n o t  given in 
Table VI11 for security reasons as discussed i n  the report introduction. 
Instead, these parameters are listed by case number i n  Table VI1 of the 
addendum t o  this  report ,  Reference 3.  For many of the calcula- 
t i o n  cases the corresponding wall pressure fluctuation levels are 
-53- 
ident i f ied only as b e i n g  greater than a certain value because the sensors 
were saturated. 
Results of calculations of  local Mach number and local Reynolds number 
based on displacement thickness for electrostatic probe windward ray 
cases are presented i n  Table I11 of the of the addendum. 
These tabulated flow f ie ld  resul ts  for  both the acoustic sensors and 
e lec t ros ta t ic  probes are uti l ized i n  Section VI where attempts are made 
to correlate the boundary 1 ayer transit ion results In terms of these 
parameters . 
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VI. CORRELATION OF BOUNDARY  LAYER TRANSITION DATA 
6.1 CORRELATION  OF ZERO ANGLE-OF-ATTACK  DATA 
The problem o f  p r e d i c t i n g  t r a n s i t i o n  from laminar t o  t u r b u l e n t  f l o w  i s  a 
d i f f i c u l t  t a s k  due t o  t h e  l a r g e  number of factors which af fect  the f low 
but  wh ich  are  no t  independent  o f  each  o the r .  S tab i l i t y  t heo ry  wh i l e  no t  
complete enough to  imply  exact ly  what  parameters should be used t o  
c o r r e l a t e  t r a n s i t i o n  d a t a  does prov ide  some theore t ica l  gu idance i n  the  
s e l e c t i o n  o f  parameters. I n  Reference 24, Lees and Reshotko  present a 
s tab i l i t y  t heo ry  fo r  l am ina r  compress ib le  boundary  l aye r  wh ich  takes  i n to  
account th,e e f f e c t  o f  t e m p e r a t u r e  f l u c t u a t i o n s  on the viscous disturbances. 
T h e i r  r e s u l t s  i n d i c a t e  t h a t  t h e  minimum c r i t i c a l  Reynolds number i s  l i k e l y  
to  i nc rease  sha rp l y  w i th  i nc reas ing  Mach number a t  hypersonic speeds. 
This t rend has  been ver i f ied  by  exper imenta l  s tud ies  (References 25 
through  31). From these  experimental and theo re t i ca l   s tud ies  it i s  
apparen t  t ha t  o f  t he  many parameters  a f fec t ing  t rans i t ion  two of the most 
impor tant  are the Mach number and the  Reynolds number based on the  
p r o p e r t i e s  a t  t h e  edge o f  t h e  boundary  layer. The question  of  what 
l e n g t h  t o  use i n  c a l c u l a t i n g  t h e  Reynolds number  has as y e t  no d e f i n i t e  
answer. Frequent ly   used  lengths  are  the  wet ted  length and the  houndary 
l a y e r  momentum and displacement thicknesses.' 
~1 i g h t  t e s t  d a t a  on boundary l a y e r  t r a n s i t i o n  have been c o r r e l a t e d  f o r  
nonablat ing vehic les which entered the atmosphere at  smal l  
angles-of-attack.  This  study  performed  by TRW Systems i s  documented i n  
Reference 32. The r e e n t r y  d a t a  c o n s i d e r e d  i n  t h i s  c o r r e l a t i o n  Were 
o b t a i n e d  f r o m  f l i g h t  t e s t s  o f  sphere-cone reent ry   veh ic les .  Al vehic les 
had graph i te  nose t i ps  w i th  0 .25 - inch  nose r a d i i  ( F l i g h t s  1 and 2 
vehic les  had  nose  rad i i   o f   0 .1- inch) .   Three  o f   the  e ight   vehic les  had 
cone half-angles of 8 degrees,  two  had  10  degree  half-angles, and th ree  
had 22 degree   ha l f -ang les .   S ince   t he   t ra jec to r ies   o f   a l l   veh ic les  
considered were near ly  ident ica l  , the  cone angle was the  pr imary  veh ic le  
con f igu ra t i on  va r iab le .  
Most of t h e  t r a n s i t i o n  d a t a  were obtained from thermal sensors embedded 
i n  t h e  s u r f a c e  of the  vehicles.  For  the  data  considered i n  t h i s  e a r l i e r  
I 
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,s tudy,  the point  a t  which the temperature s lope changed was q u i t e  a b r u p t  
and a l l owed  the  a l t i t ude  of t r a n s i t i o n  t o  b e  d e t e r m i n e d  w i t h i n  1 KM. 
The t r a n s i t i o n  d a t a  f r o m  t h e  10 degree ha l f -ang le  
on  accelerometer  data. Upon t r a n s i t i o n   t h e r e  was 
and an increase i n  d e c e l e r a t i o n  due t o  t h e  h i g h e r  
assoc ia ted  w i th  tu rbu len t  f low.  The d a t a  f o r  one 
were  based on r a d a r  d e t e r m i n e d  p l o t s  o f  b a l l i s t i c  
veh ic les  were  based 
an i n c r e a s e  i n  v i b r a t i o n  
d r a g  c o e f f i c i e n t  
o f  t h e  o t h e r  f l i g h t s  
coe f f i c i en t  ve rsus  
a l t i t u d e .  The i n c r e a s e  i n  t h e  d r a g  c o e f f i c i e n t  a s s o c i a t e d  w i t h  t r a n s i t i o n  
caused t h e  b a l l i s t i c  c o e f f i c i e n t  t o  decrease as t r a n s i t i o n  o c c u r r e d .  I n  
both the accelerometer and b a l l i s t i c   c o e f f i c i e n t  methods, the  a1 t i t u d e  
o f  t r a n s i t i o n  was presumed t o  i n d i c a t e  t h e  o n s e t  o f  t r a n s i t i o n  a t  t h e  
base o f  t h e  v e h i c l e .  
A d d i t i o n a l  d e t a i l s  on these vehic les and the methods used t o  i n t e r p r e t  
t he   t rans i t i on   onse t   a l t i t udes   a re   con ta ined   i n   Re fe rence  32. The method 
used i n  t h i s  Reference to  ca l cu la te  the  l oca l  f l ow  p roper t i es  i nc ludes  
t h e  e f f e c t s  o f  nose bluntness and the associated curved bow-shock wave 
as w e l l  as r e a l  gas proper t ies.   Th is  method o f  c a l c u l a t i o n  i s  n o t ,  
t h e r e f o r e ,  s t r i c t l y  e q u i v a l e n t  t o  t h e  method developed as p a r t  o f  t h i s  
s t u d y  f o r  c a l c u l a t i o n  o f  l o c a l  f l o w f i e l d  p r o p e r t i e s  f o r  cones a t  angles- 
o f -a t tack  (desc r ibed  in  Sec t i on  V ) .  I n  o r d e r  t o  p r o v i d e  a b a s i s  f o r  a 
cons is ten t  comparison o f  t h e  z e r o  a n g l e - o f - a t t a c k  t r a n s i t i o n  r e s u l t s  
from  Reference 32 and the  h igh  ang le -o f -a t tack  t rans i t i on  resu l t s  f rom 
t h i s  s t u d y ,  l o c a l  f l o w f i e l d  p r o p e r t i e s  were ca lcu la ted  f rom the  
a c t u a l  t r a n s i t i o n  d a t a  o f  Reference 32 ( t r a n s i t i o n  a1 ti tudes, f reestream 
v e l o c i t i e s  and Mach numbers, e tc . )  us ing the method discussed i n  S e c t i o n  V. 
The co r re la t i ons  o f  t hese  ze ro  ang le -o f -a t tack  t rans i t i on  da ta  a re  
presented i n  Figures  48  through 50 i n  terms o f  t h e  l o c a l  Mach number and 
l o c a l  Reynolds number based on the  wet ted  length  and the boundary layer 
momentum and displacement  hicknesses. I n  each f igure   the   zero   ang le -o f -  
at tack data are represented by bars which encompass a l l  f l i g h t  d a t a  p o i n t s .  
These bars are placed a t  l o c a l  Mach numbers o f  5.3 and 12.8 since the 
m a j o r i t y  o f  t h e  d a t a  were ob ta ined fo r  these cond i t ions .  Dashed l i n e s  
have been placed i n  each f igure  wh ich  encompass the avai lab le zero angle-  
o f -a t tack  t rans i t i on  da ta .  I t  should be no ted  tha t  t hese  l i nes  have been 
ex t rapo la ted  beyond the range o f  d a t a  o n l y  as a re fe rence  fo r  t he  h igh  
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angle-of-attack data. 
First consider the boundary layer t ransi t ion da ta  i n  terms of the local 
Reynolds number based on wetted length versus the local Mach number as 
presented i n  Figure 48. A t  a given Mach number the  zero  angle-o'f-attack 
f l igh t  t rans i t ion  da ta  have about a 2 35 percent variation i n  the local 
Reynolds number based on wetted length. The shaded band i n  Figure 48 
shows the variation i n  transit ion Reynolds number w i t h  local Mach 
number on sharp cone  models i n  a 22-inch helium wind tunnel (Reference 27) .  
The t rans i t ion  Reynolds  numbers  from this wind tunnel tes t  a re  somewhat 
lower t h a n  the zero angle-of-attack flight data. This dffference is 
, probably related t o  the higher level o f  freestream turbulence associated 
w i t h  the w i n d  tunnel da ta .  
I n  Figure 49 the zero angle-of-attack flight transition da ta  are presented 
with local Reynolds number based on boundary layer momentum thickness 
versus  local Mach number. I n  this  form the zero angle-of-attack d a t a  have 
a variation in the local Reynolds number o f  abou t  20 percent from the mean. 
A similar variation of s l ight ly  less  t h a n  5 20 percent i s  shown by the 
local Reynolds number based on boundary layer displacement thickness in 
Figure 50. The use of a local Reynolds number based on either the boundary 
layer displacement or momentum thickness appears t o  correlate the zero 
angle-of-attack transition d a t a  t o  a reasonable degree. 
6 .2  CORRELATION OF ACOUSTIC SENSOR DATA 
Also presented i n  Figures 48 through 50 are the calculated Flight 1 flow 
f ie ld  parameters discussed in Section 5.3.2 and presented in Table VII I .  
The symbols  used t o  represent the calculated flow field results for each 
acoustic sensor channel are identified a t  the t o p  of each figure. Solid 
symbols indicate t h a t  the corresponding pressure fluctuation levels are 
greater t h a n  9 x ( turbulent) ,  open  symbols indicate  levels below 
3 x (laminar), and flagged symbols indicate t h a t  the  values of P/qc 
are between 3 x and 9 x ( t rans i t iona l ) .  Each d a t a  p o i n t  i n  the 
f igure is  ident i f ied w i t h  a number  which corresponds t o  the calculation 
case number.  The resul ts  of all  the flow field calculations performed 
are presented i n  Figures 48 through 50, with the exception of the local 
% 
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flow properties for case 13 which  had a strong acoustic sensor signal as  
a resu l t  of separated flow a t  the sensor. 
Four of the five da ta  p o i n t s  zorresponding t o  laminar or transit ional 
pressure fluctuation levels ( P / q c  < 9 x 1 0-4) are i n  the local Mach range 
from 8 t o  10 because of re la t ively low local angles-of-attack between  11 
and 14 degrees. The one exception i s  case 25 which  has a local Mach  number 
of a b o u t  3.7 as a resul t  of a h i g h  local angle-of-attack a t  the sensor of 
30.8 degrees. 
In contrast, all, eleven da ta  points which correspond t o  turbulent pressure 
fluctuation  levels (P /qc  > 9 x range between local Mach numbers o f  
.3.5 and 7 because of re la t ively h i g h  local angles-of-attack from about  
17 t o  31 degrees. 
In general, the relation of the calculated flow parameters from  one case 
t o  another are fairly well maintained i n  a l l  three correlat ions ( i .e . ,  
in Figures 48 through 50). For example, the calculated flow parameters 
for cases 9 and 10 f a l l  below the trend of the da ta  while cases 14 ,  15, 
24, 44, and 45 are consistently above the trend. I t  is quite apparent t h a t  
the Flight 1 d a t a  are best correlated with the local Reynolds number based 
on boundary layer displacement thickness versus the local Mach number ( i  . e . ,  
% 
in Figure 50 as compared t o  Figures 48 and 49). The correlation o f  local 
Reynolds number based on wetted length t o  the sensor versus local Mach 
number (Figure 48) is  pa.rt icularly poor. 
As a resul t  of these comparisons, the electrostatic probe da ta  are presented 
and discussed in Section 6.3 only i n  terms o f  the boundary layer displace- 
ment thickness correlation. I n  addition, comparisons of the combined h i g h  
angle-of-attack acoustic sensor and e lec t ros ta t ic  probe da ta  t o  the low 
angle-of-attack transition da ta  are made only in terms of this  correlat ion 
(Section 6 .4) .  
I t  was anticipated t h a t  the proximity of the F l i g h t  1 da t a  points t o  the 
zero angle-of-attack d a t a  would vary in relation t o  the corresponding 
magnitude of the wall pressure fluctuation levels. For example, i t  was 
expected t h a t  the flow field conditions corresponding t o  the onset of a 
turbulent signal would  be close t o  the zero angle-of-attack transition 
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correlation whereas a n e g l i g i b l e  signal such as  i n  case 16 would result i n  
a local Reynolds number below the data correlation. I t  should be noted 
again that the data bars representing the range of zero angle-of-attack 
data are based on transition onset,not full turbulence of the boundary layer. 
Also, the placement of the s t ra ight  l ines  on this semilogarithmic plot 
bracketing the zero angle-of-attack data may not be correct  for  the f u l l  
range of local Mach numbers b u t  was done only t o  provide a reference for 
comparison of the angle-of-attack data. 
The data points for laminar case 16 and for transit ional case 15 are  
s l igh t ly  above the l inear interpolation o f  the zero angle-of-attack data. 
However, a l l  ful ly  turbulent  points  i n  the local Mach  number range from 
about 5 t o  7 fa1 1 close to  or i n  the range of the zero angle-of-attack 
transit ion onset data.  A t  the lower local Mach numbers the  angle-of- 
attack data tends t o . f a l l  below the linear extrapolation o f  the zero 
angle-of-attack data. Additional comments are  made  on these data p o i n t s  
i n  Section 6.4 where the acoustic sensor results are compared to  the data 
from the e lec t ros ta t ic  probes. 
All acoustic sensor results appear to be self-consistent except for cases 
10 and 25. The sensors were on the vehicle windward meridian for  both 
of these cases and i n  addition the vehicle att i tude and freestream conditions 
were almost identical .  As a resul t ,  the  Reynolds number a t  t h e  a f t  cone 
sensor (case 25) i s  larger  than a t  the midcone sensor (case 10) for a l l  
three length  parameters used t o  calculate the Reynolds numbers. The sur- 
prising and unexplained r e su l t  i s  t ha t  the wall pressure fluctuation level 
i s  higher a t  the midcone sensor than a t  the aft  sensor.  
6.3 CORRELATION OF ELECTROSTATIC PROBE WINDWARD RAY DATA 
The windward ray electrostat ic  probe t ransi t ion resul ts ,  i n  terms of 
calculated local Mach numbers and Reynolds numbers based on local displace- 
ment thickness, are shown i n  Figure 51. Each  symbol i s  ident i f ied  by case 
number so tha t  the data i n  the f igure can be related t o  the appropriate 
a l t i tude  and flow f i e l d  information i n  Table I X  of this report and Tables 
I11 and IV of Reference 3.  Solid symbols ident i fy  resul ts  for  which the 
probe data sweeps contain fluctuations which indicate that the boundary 
layer was locally transit ional or turbulent. The open symbols identify 
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resu l t s  for  which the probe sweeps contain smoothly varying data (wi thout  
f luctuations) which indicate t h a t  the boundary layer was locally laminar. 
Flagged symbols identify cases where the measured data sweeps contain 
fluctuations of order *1 pcm step s ize ,  and therefore 'do not s t r i c t l y  meet 
the transit ion cri terion of Section 4.2.3, b u t  are also no t  smooth laminar- 
type measurements. These results apparently correspond t o  measurements made 
just a t  the threshold of e lectrostat ic  probe t rans i t ion  detection. 
The seven turbulent (or t ransi t ional)  d a t a  p'oints i n  Figure 51 l i e  w i t h i n  
a range of 1 ocal Mach number of 6 t o  10.4, corresponding t o  a range of 1 ocal 
angle-of-attack of 19 t o  11 degrees. The laminar da ta  points extend t o  lower 
local Mach numbers, covering a range of values of from 3 t o  10. The range 
of local angle-of-attack covered by the laminar da ta  i s  from 35 t o  11 
degrees. The absence of turbulent (or transit ional ) windward ray d a t a  
points a t  the lowest local Mach numbers i s  due primarily to the tendency 
of  windward ray probe currents t o  exceed the upper l imit  of the amplifier 
range a t  the highest angles-of-attack. Since probe currents also tended 
t o  increase with decreasing altitude, the windward ray measurements a t  the 
highest angles-of-attack were within the amplifier range a t  the higher 
a l t i tudes where  Reynolds  numbers  were relat ively low, b u t  not a t  the lower 
al t i tudes where Reynolds numbers were higher and where transit ion may have 
occurred. 
The addition of results calculated from the transit ion da ta  in Table V of 
'. Reference 3 (measurements made a t  locations off the windward ray) should 
widen the range of local Mach numbers covered by turbulent (or t ransi t ional)  
da t a  points.  This i s  "cause expec nearly  all  the d a t a  in t h a t  table 
correspond t o  turbulent (or  t ransi t ional)  measurements and cover a wide 
range of local angle-of-attack (from 24 t o  9 degrees). In  addition, since 
Table VI of Reference 3 ident i f ies  laminar boundary layer measurements 
made a t  or near local angle-of-attack maxima , results calculated from the 
da ta  in Table V combined w i t h  those from Table VI ( b o t h  from Reference 3) 
should provide an improved description o f  transit ion a t  the lower local 
Mach numbers. 
The windward ray results alone, however , do provide a reasonably good 
description of boundary layer transition over the range of local Mach 
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numbers  from  6 t o  11. The results are consistent i n  that  the changeover 
from laminar to turbulent data at  f ixed local Mach number always corresponds 
to increasing Reynolds number, and the indicated Reynolds numbers fo r  
transition increase continuously w i t h  increasing 1 oca1 Mach number. In 
addition, several sets of windward ray data show th,e t ransi t ion from laminar 
to  t u r b u l e n t  behavior along the vehicle surface at  f ixed al t i tude.  T h i s  
can be seen by comparing results obtained at  a f ixed alt i tude by probes 
located along a s ingle  vehicle ray. In particular,  two sets of data from 
probes on +s = 0 degrees (cases 8-17-26 and 9-18) and  two sets from probes 
on 4, = 180 degrees (cases 37-48-59-70  and  38-49-60-71 ) correspond t o  
c,onditions where forward s ta t ions were laminar while s ta t ions  fur ther  a f t  
were turbulent. 
The zero angle-of-attack data discussed i n  Section 6.1 are shown w i t h  
the windward ray electrostatic probe results i n  Figure 51. Over the range 
of local Mach number from approximately 6 to 11, where there are bo th  
laminar and turbulent  e lectrostat ic  probe data points, the ra te  o f  change 
of the indicated transition Reynolds number w i t h  local Mach  number agrees 
well w i t h  the rate of change defined by the slope of the line which,has 
been drawn th rough  the zero angle-of-attack results. The actual magnitudes 
of the  c r i t i ca l  Reynolds  numbers indicated by the probe data,  however, 
are somewhat higher than those defined by the extrapolated band of zero 
angle-of-attack  results. This is  par t icular ly  true at  local  Mach numbers 
between 8 and 10, where there are laminar probe r e su l t s  a t  Reynolds  numbers 
above the range of zero angle-of-attack transition values. This apparent 
tendency of the e lec t ros ta t ic  probe resu l t s  to  be higher than the zero 
angle-of-attack values i s  more l ikely t o  be due simply to  the fact  that  a 
s t ra ight  l ine  has been used t o  connect the zero angle-of-attack data 
points  than  to  angle-of-attack  effects.  Additional zero angle-of-attack 
data  a t  local  Mach numbers other than 5.3 or 12.8 may indicate that a more 
correct approximation t o  the variation of zero angle-of-attack transition 
Reynolds number w i t h  local Mach number would be a curve such as that which 
has been drawn through the h i g h  angle-of-attack data i n  Figure 52. 
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6.4 CORRELATION OF ACOUSTIC SENSOR AND ELECTROSTATIC PROBE DATA 
The t ransi t ion resul ts  obtainedfrom b o t h  the acoustic sensor data and the 
windward  ray. e lec t ros ta t ic  probe data are presented i n  Figure 52 i n  terms 
o f  local Reynolds number based on displacement thickness and local Mach 
number. The combined resu l t s  complement one another i n  tha t  the range 
of local Mach number for which there are  both laminar and turbulent data 
points i s  greater than fo r  either set  of results alone. The indicated 
t ransi t ion Reynolds numbers from the two se ts  of data are consistent,  
the only exceptions being the pair  of acoustic sensor poin ts  a t  local  Mach 
number 3.7 (discussed i n  Section 6.2) and several data points near local 
Mach  number 6.5 to  7.0 (where two e lec t ros ta t ic  probe laminar resul ts  
occur a t  Reynolds  numbers equal to  or  s l igh t ly  higher than two acoustic 
sensor turbulent results) .  The latter inconsistency may be due, a t  l e a s t  
i n  par t ,  t o  the fact  that  the electrostat ic  probes tend to  detect  t ransi t ion 
a t  lower al t i tudes than the acoustic sensors (as discussed i n  Section 4.2.7). 
Also shown i n  Figure 52 are the zero angle-of-attack data (discussed i n  
Section 6.1) and the s t ra ight  l ines  which  have  been  used t o  extrapolate 
those data over the range of local Mach number for  which there  i s  high 
angle-of-attack data. Over the upper half .of that local Mach  number range 
(i.e:, for local Mach numbers  between 7 and l l ) ,  t h e r e  i s  good qual i ta t ive 
agreement betwe,en the h i g h  angle-of-attack data and the extrapolation of the 
zero angle-of-attack results. Over most of  this range, the transition 
Reynolds numbers indicated by the h i g h  angle-of-attack data points tend t o  
be s l igh t ly  above the  extrapolated  zero  angle-of-attack  levels. This 
difference tends to decrease w i t h  decreasing local Mach number, however, 
and for local Mach numbers  between about 5 and 7 the indicated h i g h  anqle- 
of-attack transition Reynolds numbers fa1 1 w i t h i n  the band of zero angle- 
of-attack  data. A t  s t i l l  lower local Mach numbers, the h i g h  angle-of-attack 
results are below the zero angle-of-attack data extrapolation, and the 
difference increases w i t h  decreasing local Mach number. 
If  the straight l ine extrapolation of the zero angle-of-attack data were 
known t o  be correct,  the comparison i n  Figure 52 would provide a measure 
of the effects  of crossflow and angle-of-attack on boundary layer transi- 
t i o n ,  since decreases i n  local Mach  number correspond to increases i n  
angle-of-attack for a given vehicle geometry. The comparison i n  Figure 52 
would then indicate that only at angles-of-attack corresponding to local 
Mach numbers less than about 5 do h i g h  angle-of-attack transition Reynolds 
numbers (based on displacement thickness) differ appreciably from those 
for zero angle-of-attack. In addition, the comparison would show tha t  
when angle-of-attack effects on t ransi t ion are  s ignif icant ,  they tend  t o  
resu l t  i n  t ransit ion onset at  local Reynolds numbers (based on displace- 
ment thickness) lower than those for zero angle-of-attack transition onset 
a t  the same local Mach number. 
The zero angle-of-attack data i n  Figure 52 is not, however, suff ic ient  t o  
accurately describe the variation of zero angle-of-attack transition 
Reynolds  number over the required range of local Mach number. For this 
reason, and because the re  i s  good agreement between zero angle-of-attack 
and high angle-of-attack results where d i rec t  comparison can be  made, i t  
cannot be  assumed that  the differences between the extrapolated zero 
angle-of-attack data and the h i g h  angle-of-attack data i n  Figure 52 are 
necessarily  representative o f  real  angle-of-attack  effects. The extrapola- 
t i o n  i n  Figure 52 can only be considered a f i r s t  order approximation t o  
the magnitude and variation of zero angle-of-attack transition Reynolds 
number over the indicated  range of local Mach number. The comparison i n  
Figure 52, therefore,  shows simply that  the magnitude and local Mach  number 
dependence o f  the h i g h  angle-of-attack and zero angle-of-attack data 
are i n  general agreement over most of the local Mach  number range. 
The combined acoustic sensor and e lec t ros ta t ic  probe t ransi t ion resul ts  
are correlated sufficiently well by the parameters of Figure 52 that they 
can be used, w i t h o u t  regard t o  the zero angle-of-attack extrapolation, t o  
describe the variation of t ransi t ion Reynolds  number w i t h  local Mach number. 
The resu l t  i s  the dashed curve shown i n  the figure. Since the zero angle- 
of-attack data p o i n t s  a l so  f a l l  on or near the curve, i t  appears possible 
that additional zero angle-of-attack transition data may also tend to  
describe such a curve rather than the straight line used i n  the figure.  
The indicated variation of t ransi t ion Reynolds number w i t h  local Mach 
number i s  g rea t e s t  a t  low local Mach numbers, and decreases as local Mach 
number increases. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 
Boundary 1 a y e r  t r a n s i t i o n  d a t a  have been obtained from acoust ic sensor 
and e lec t ros ta t i c  p robe  measurements made a long the  sur face  o f  a con ica l  
nonab la t ing  veh ic le  dur ing  a h igh  angle-of -at tack  reentry .  The data 
correspond t o  a range o f  l o c a l  a n g l e - o f - a t t a c k  a t  t h e  s e n s o r  l o c a t i o n s  o f  
from 8 t o  31 degrees. Observations and conclusions which have  been made 
d i rec t l y  f rom these  da ta  i nc lude :  
Acoustic sensors have a l o w e r  t h r e s h o l d  f o r  t r a n s i t i o n  d e t e c t i o n  
than a l l  o t h e r  i n s t r u m e n t a t i o n  ( e l e c t r o s t a t i c  p r o b e s ,  thermo- 
couples and base pressure gages)  insta l led i n  these reentry  
vehic les.  The  a1 t i t u d e s  f o r  o n s e t  o f  boundary l a y e r  t r a n s i t i o n  
es tab l i shed  by  the  acous t i c  senso r  da ta  fo r  t he  F l i gh t  2 veh ic le  
are about 4 km h igher  than those establ ished by the e lect rostat ic  
probe and vehicle  temperature  data. The e l e c t r o s t a t i c  p r o b e  
t r a n s i t i o n  a l t i t u d e s  a r e  h i g h e r  t h a n  t h e  a c o u s t i c  s e n s o r  " f u l l y  
tu rbu len t "  resu l ts  by  about  0.5 t o  1 .O km. 
Boundary l a y e r  t r a n s i t i o n  r e s u l t s  based on vehicle thermocouple 
measurements f o r  b o t h  F l i g h t s  1 and 2 should be t r e a t e d  as on ly  
q u a l i t a t i v e  s i n c e  a reduc t i on  o f  t hese  da ta  to  hea t  t rans fe r  ra tes  
f o r  a  more r igorous analys is  was beyond the scope o f   t h i s  study. 
Boundary l a y e r  t r a n s i t i o n  a l t i t u d e s  e s t a b l i s h e d  f o r  t h e  F l i g h t  2 
v e h i c l e  b y  t h e  e l e c t r o s t a t i c  p r o b e  d a t a  a r e  i n  good agreement w i t h  
the  qua l i t a t i ve  the rmocoup le  resu l t s  ove r  the  range  o f  veh ic le  
a x i a l   s t a t i o n s .   T h i s  agreement i s  demonstrated i n  Figure 22. 
A n a l y s i s  o f  t h e  F l i g h t  2 acoustic sensor data show t h a t  t h e  r a t i o  
o f  rms su r face  p ressu re  f l uc tua t i on  l eve l  t o  l oca l  dynamic 
pressure a t  t h e  sensors varied from a range o f  3 x 10-5 t o  5  5 x 
10-5 a t  t r a n s i t i o n  o n s e t  t o  a range o f  5.5 x 10-4 t o  9 x 10-4 (an 
o rde r  o f  magn i tude  la rge r )  f o r  " f u l l y  t u rbu len t "  cond i t i ons .  
Comparisons o f  t r a n s i t i o n  d a t a  f r o m  a v e h i c l e  w i t h  an a b l a t i n g  
heatsh ie ld  and t h e  F l i g h t  2 nonab la t i ng  veh ic le  i nd i ca te  tha t  
boundary l a y e r  t r a n s i t i o n  o c c u r r e d  a t  h i g h e r  a1 t i t u d e s ,  and the 
t rans i t i on  p rocess  was much more abrupt, f o r  t h e  a b l a t i n g  h e a t s h i e l d  
vehic le .  The increase i n   t r a n s i t i o n  a1 ti tude caused by ab1 a t i v e  
mass a d d i t i o n  e f f e c t s  r a n g e d  f r o m  s l i g h t l y  o v e r  1 km a t  t h e  a f t  
v e h i c l e  s t a t i o n  t o  a b o u t  5 km a t  a s t a t i o n  l o c a t e d  a t  20 percent o f  
the  veh ic le  length .  
Comparison o f  boundary  l aye r  t rans i t i on  a1 ti tudes measured on the 
F l i g h t  1 and 2 veh ic les  i nd i ca te  tha t  h igh  ang les -o f -a t tack  caused 
boundary l aye r  t rans i t i on  (wh ich  was a t  f i r s t  i n t e r m i t t e n t )  t o  
occur a t  h i g h e r  a l t i t u d e s  on F l i g h t  1 than on the zero angle-of- 
a t t a c k  f l i g h t  ( F l i g h t  2). 
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A method of f l o w f i e l d  a n a l y s i s  has been developed which can be used t o  
ca lcu la te  loca l  f lowf ie ld  parameters  about  sharp  cones a t  h igh  ang les-o f -  
a t tack .  Th is  ana lys is  u t i l i zes  Newton ian  theory  to ,  descr ibe  the  inv isc id  
flow f i e l d  and  a l o c a l  s i m i l a r i t y  s o l u t i o n  f o r  t h e  v i s c o u s  f l o w .  Boundary 
layer  c ross f low and v i scous - inv i sc id  i n te rac t i on  e f fec ts  have been 
included. Local  f lowf ie ld parameters have been ca l cu la ted  as a p a r t  o f  
t h i s  s t u d y  f o r  a1 1 acous t i c  senso r  t rans i t i on  resu l t s  and . a l l  windward ray  
e l e c t r o s t a t i c  p r o b e  t r a n s i t i o n  r e s u l t s .  
Comparisons o f  c o r r e l a t i o n s  o f  h i g h  a n g l e - o f - a t t a c k  t r a n s i t i o n  d a t a  u s i n g  
ReX, Re, and Reg* versus ML i nd i ca te  the  da ta  a re  bes t  co r re la ted  i n  
terms o f  Red* versus q. The combined resu l ts  o f  the  acous t ic  sensor  and 
windward ray e lect rostat ic  probe measurements  have  been co r re la ted  
s u f f i c i e n t l y  w e l l  u s i n g  Reg* versus ML that  the data can be used to  descr ibe 
t h e  v a r i a t i o n  o f  i n d i c a t e d  t r a n s i t i o n  Red* w i t h  ML over a range o f  ML from 
approximately 3 t o  11. Th is  co r re la t i on  i nd i ca tes  tha t  t he  va r ia t i on  o f  
t r a n s i t i o n  Reg* w i t h  ML becomes greater as ML decreases. 
Comparison ( i n  terms o f  Re6* versus ML) o f  the  h igh  ang le-o f -a t tack  
t r a n s i t i o n  d a t a  w i t h  an ex t rapo la t i on  o f  ze ro  ang le -o f -a t tack  t rans i t i on  
da ta  (a t  ML = 5.3 and ML = 12.8) shows genera l l y  good agreement f o r  ML > 
5. For ML 2 5, the high angle-of-at tack data show t r a n s i t i o n  a t  values o f  
Reg* lower than val  ues produced by a s e m i - l o g  p l o t  s t r a i g h t  l i n e  e x t r a -  
p o l a t i o n  (power  law var ia t ion)  o f  the  zero  ang le-o f -a t tack  da ta .  
The f l i g h t  d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  were a l l  ob ta ined under  near ly  
iden t ica l  reent ry  cond i t ions  fo r  wh ich  veh ic le  ang le -o f -a t tack  and cone 
angle were the only parameters which changed signi f icant ly.  F o r  t h i s  
reason, and because a l l  f l o w f i e l d  parameters  were ca lcu la ted  us ing  a s i n g l e  
analys is  method, t h e  r e s u l t s  o f  t h i s  s t u d y  a r e  s e l f - c o n s i s t e n t  and can be 
compared and cor re la ted  w i thout  ambigu i ty .  The f l ow f ie ld  ana lys i s  wh ich  
has  been  developed as p a r t  o f  t h i s  s t u d y  does not, however, i nc lude  rea l  
gas proper t ies.   S ince  rea l  gas e f f e c t s  may  become s i g n i f i c a n t  f o r  h i g h  
freestream Mach number r e e n t r y  a t  h i g h  a n g l e - o f - a t t a c k  ( o r  f o r  l a r g e  cone 
angle), a s t u d y  o f  t h e  e f f e c t  o f  i n c l u d i n g  r e a l  gas p r o p e r t i e s  i n  f l o w f i e l d  
calculat ions of  parameters such as Rg* and ML should be undertaken. The 
'L 
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results of such a study would indicate what corrections, i f  any, a r e  
required to assure that comparisons of transit ion data from flows which 
may be subject to real gas effects (such as those i n  this study) w i t h  
transition data from flows where real gas e f fec ts  a re  def in i te ly  
negligible are made i n  terms of self-consistent flowfield parameters. 
A large amount of boundary layer transition data obtained from analysis 
of e l ec t ros t a t i c  probe data has been presented fo r  which  flowfield 
calculations have not been performed. The flowfield.ana1ysis developed 
as part of this study should be applied to these data to considerably 
enlarge the base. o f  high angle-of-attack transition results for use i n  
flowfield parameter correlations. 
The F l i g h t  2 thermocouple temperature history data presented i n  Appendix 
A should be reduced to heat transfer rates. T h i s  would al'low transit ion 
onset and "fully turbulent" a1 ti  tudes to  be accurately def ined and would 
broaden the base of zero angle-of-attack boundary layer transit ion data.  
In addition, preliminary studies could be conducted w i t h  the Flight 1 
thermocouple data to investigate whether further analysis would provide 
useful data to supplement the present h i g h  angle-of-attack acoustic 
sensor and e l ec t ros t a t i c  probe results. 
Additional zero angle-of-attack transition data (a t  local  Mach numbers 
between 3 and 12) should be acquired t o  make possible (using the h i g h  
angle-of-attack results presented here) a quantitative assessment of the 
relationship between h i g h  angle-of-attack and zero angle-of-attack 
boundary 1 ayer  transit ion  cri teria.  
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Tab1 e 
Dynamic Range - 
Reference Level 
Sample Rate - 
I. Naninal   Speci f icat ions  for   Acoust ic  Sensors 
120 t o  160 db.depending .on t h e  a m p l i f i e r  g a i n  
s e t t i n g  
- 0.0002  dynes/cm  2 
125 samples per second 
Signal-to-Noise Ratio - The e l e c t r i c a l  n o i s e  a t  t h e  o u t p u t  must be a t  
l e a s t  30 db below f u l l  scale. 
Frequency Response - +10 db, -15 db from 30 kHz t o  110 kHz 
+10 db, -20 db from 110 kHz t o  200 kHz 
Table 11. Acoustic Sensor  Locations and Saturat ion  Levels - 
F l i g h t  Sensor 
No. Channel No. 
- ~ ~~~ 
1 .  
5 2 
4  2 
3  2 
5 1 
4 1 
3 
" ~ 
S t a t i o n  
( inch) 
Angul ar*  S turation** 
Location  Level 
(Degrees) 
88 
166 
166 
88 
166 
166 
101 
147.8 290 
152.0  110 
155.9 101 
148.8 290 
149.0 110 
154.3 
* Measured clockwise from the vehic le -Z axis (see Figure 4) 
** The s a t u r a t i o n  l e v e l  i s  t h e  rms f lat-spectrum random soun 
pressure 1 eve1 i n p u t   i n  db, re ferenced to  0.0002 dynes/cm 1 
t h a t  wil produce a f u l l  s c a l e  o u t p u t  o f  5.0 v o l t s  a t  t h e  
. o u t p u t  o f  t h e  a m p l i f i e r .  
-69- 
~ ~~ 
' Tab1 e. 111. Pressure Gauge Locations 
F l i g h t  
_ _ _ ~ "  - . 
Radi a1 Distance 
* 
Angu 1 a r  
No. Location From Cen t e r l  i ne 
(inch) (Degrees) 
1 
2 
37 13.1 
130 13.0 
-k 
Measured clockwise from the -Z axis (see Figure 4 )  
Table IV. Flight 2. Thermocouple Locations 
Thermocouple 
Number 
145 
146 
147 
1 48 
149 
150 
1 51 
1 52 
Axial Stat ion 
(inch) 
31.87 
77.45 
123.53 
169.62 
31.87 
77.45 
123.53 
169.62 
Angular Location* 
(Degrees) 
225 
225 
225 
225 
31 5 
31 5 
31 5 
31 5 
* Measured clockwise from the vehicle -Z axis  (see Figure 4) 
-70- 
Table V. Summary of  Acoust'ic Sensor Errors 
Error Source 
. " 
Acoustic chamber ca l ibra t ion  
Amplifier calibration 
Sensor 1 i neari   ty 
Mi crophone  cal i brat ion 
Transfer functions i n  sensor  cal ibrat ion 
Tel emetry and receiving 
Numerical processing 
Temperature 
Total  anticipated error (RSS) 
SPL Error db  
~ ~~~ ~ 
+1.5 
20.4 
+2 .o 
+o. 2 
Negl i g i  bl e 
Negl i g i  b le ( for  SPL < 130 db) 
Negl i g i  bl  e 
Not considered i n  de t a i l  ** 
b u t  considered negligible 
22.5 db  . 
" 
** 
Heat  soak t e s t s  of representative sensor systems indicate a 
maximum variation of u p  t o  +1 db i n  system response for a maximum 
temperature variation of +25 degrees F from the cal ibrat ion 
temperature . 
Table VI. Error Summary fo r  Base Pressure Gauge 
. . .~ . - 
Source I 0.01 Psia Range -1 
. ~ ~~ 
Linearity , repeatabi 1 i ty ,  +2% o f  fu l l  s ca l e  
hys t e r i   s i   
Zero sh i f t  
Time response +1% 
Total +4% of fu l l   s ca l e
- " 
~~~~ .~ . 
0.05 Psia Range 
22% of fu l l  s ca l e  
+1% 
+1 % 
+4% of fu l l  s ca l e  
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Table VI. Comparison o f  F l i g h t  2 rms Surface Pressure Fluctuations a t  Boundary Layer  Trans i t ion ' 
TRANSITION 
ONSET-ACOUSTIC 
SENSOR 
TURBULENT 
BOUNDARY 
LAYER - ACOUSTIC 
SENSOR 
CHANNEL 3 
X = 88", $s = 101" 
ALTITUDE 
(.m 1 
37.8 
32.3 
e~~~~~ 
8.09 
8.06 
CHANNEL 4 
X = 166", $s = 110" 
ALTITUDE 
( W  
41.2 
37.0 
e~~~~~ 
(DEG) 
7.36 
8.43 
CHANNEL 5 
X = 166", 0, = 290" 
ALTITUDE 
( W  
41.6 
39.1 
Plq, = RATIO OF RMS SURFACE PRESSURE FLUCTUATION  TO DYNAMIC PRESSURE AT SENSOR 
Table VIII. F l i g h t  1 Acoustic Sensor  Flow F i e l d  Parameters and Pressure Fluctuation Levels 
XSt 9 
(inches) (deg: 
I I I 
~ 
3 ' 1 0  88 0 
3 11 88 0 
' 3  ~ 12 88 0 
' 3  15 88 0 
I 3  '1 6 88 0 
I 
v w 
I 
3 14 88  -35.! 
4  24 166 0 
4 25 166 0 
4  26 166 0 
4 22 166 62.; 
4 23 166 -27.: 
5 42 166 43. i 
5 43 166 58.1 
5 44 166 -34.( 
5 45 166 -43.! 
28.2 20.7 
2.2 12.3 
19.3 13.9 
24.0 16.0 
30.8 22.8 
11.8 3.8 
16.8 19.3 
25.3 19.5 
20.2 16.8 
18.3 19.7 
22.1 17.2 
21.3 18.4 
Local Reynolds Number  Based  On: 
M 
m DisDlacement! Momentum I Wetted 
Thjckness,  /Thickness 
I I 
I 
20.55 3.67 463. 172. 14.09 x lo5 
21.38 5.00 1,830. 366. 1.51 x lo6 
21.62 9.83 18,100. 935. 6.59 x lo6 
21.81 8.15 11,500. 869. 6.33 x l o 6  
20.91 9.29 11,600. 669. 3.49 x l o6  
20.53 ' 4.07 630. 190. 
21.70 18.80 89,800. 1920. 
21.78  6.11 4,490. 618. 
21.38 4.86 2,330.  92. 
20.56  3. 7 638.  236. 
20.93  9.43 15,600.  875. 
20.42 7.04 3,860. 450. 
20.54 4.61 1,270. 305. 
' 
4.72 x lo5 
1.12 x lo7 
3.66 x lo6 
2.77 x lo6 
7.80 x lo5 
5.94 x lo6 
1.09 x lo6 
1.60 x lo6 
20.73 5.86 3,150. 485. 2.27 x l o6  
20.80 6.52 4,280. 577. 2.82 x lo6 
21.12 5.33 2,740. 500. 2.62 x l o6  
21.37 5.59 3,140. 532. 2.80 x lo6 
N %, 
1.6 x 
1.2 x 
0.45 x 
0.8 x 
1.7 x 
1.95 x 
3.1 x 
*1.3 x 10- 3 
>LO x 
0.45 x 
0.25 x 
2.85 x 
>2.4 x 
>2.8 x . 1 ~ - 3  
22.8 x 
>1.2 x 
>I .2 x 
Local 
B.L.tt 
.T 
T 
TR 
TR 
L 
T 
T 
T 
T 
TR 
TR 
T 
T 
T 
T 
T 
T 
- 
tsymbols: X = wetted length to sensor, 9 = sensor/windward  angle, eL = local angle of a t t a c k  a t  probe 
s tat ion,  C ~ T  = vehic le  center l ine angle of  a t tack,  M, = freestream Mach number, 
ML = loca l  .Mach number . .  
t tLocal  B.L. = Local Boundary Layer Condition: T = turbulent , TR = t rans i t i ona l  , L = laminar 
Table I X  E l e c t r o s t a t i c  Probe  Boundary  Layer T rans i t i on  Resu l t s  
t 
'h 'Case Nos. 1-82 Measurements on Windward Ray (See Sect ion 4.3.3.1): 
Case 
No. 
l a -1  b 
I C  
2a 
2b 
2c 
3a 
3b 
3c 
4a-  5c 
6a 
6b 
6c 
7a 
7b 
7c 
8a 
8b 
8c 
9a 
9b 
9c 
- 
it 
( i k h e s )  . ( i z g )  (deg) (:kg) ( i i g )  - B.L.t++ 
$ M Local 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
ND 
N D  a t  + 5 O  +5.0 25.45 20.75 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
19.63 11.63 
12.80 
10.60 
12.97 4.97 
4.80 
5.17 
21.50 13.50 
15.20 
12.10 
11.90 3.90 
3.70 
4.20 
10.90 2.90 
3.10 
2.80 
17.64 9.64 
10.14 
8.87 
20.40 
20.87 
20.40 
20.48 
20.48 
20.50 
21 .58 
21.56 
21.55 
21.76 
21 .70 
21.70 
22.00 
21.96 
21.96 
22.20 
22.25 
22.27 
L a t  +7" 
L 
L 
L 
L 
L 
L 
CAL 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
Re€i ML 
*"ti tit' . 
1 .0Og3 5.96 
4 .022~  8.73 
1 .6633 5.46 
1  .0664  9. 9 
1 .55!j4 10.22 
4.7243 6.67 
'Tables I11 through V I  o f  Reference 3 g ive  these resu l ts  together  w i th  assoc ia ted  
v e h i c l e  v e l o c i t i e s ,  a1 t i t u d e s  and freestream densit ies, temperatures, pressures 
and v i s c o s i t i e s .  
"Symbols: X, IJJ , eL, CYT, M,, Re,* and ML as def ined i n  Table VI11. 
'++Local B.L. = l o c a l  boundary layer   cond i t ion :  T = tu rbu len t ,  L = laminar, 
LT = f l u c t u a t i o n s  o f  o r d e r  k 1  pcm step size,  may be j u s t  a t  t h r e s h o l d  o f  
t rans i t ion detect ion by probe,  ND = no probe data, may be j u s t  a t  t h r e s h o l d  of 
amp1 i fi e r  range, CAL = no boundary 1 ayer data due t o   c a l  i b r a t i o n  sweep 
measurement. 
t"tCalcul a ted  on ly  fo r  IJJ = 0 cases. -74- 
+s = sensor azimuth angle. 
h -
. .  
Table I X  (continued) ~ 
1 Oa- 1 Oc 
l l a  
l l b  
l l c  
12a 
12b 
12c 
13a-14c 
15a-15b 
15c 
16a 
16b 
16c 
17a 
17b 
1 7c 
18a 
18b 
1  8c 
19a 
19b-19c 
2 Oa 
20b 
2 oc 
21 a 
21 b 
21 c 
22a-  23c 
24a- 24b 
24c 
25a 
25 b 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 19.63 11.63  20 40
-5.0  12.80 20.87 
+5.0  10.60  20.40 
0 12.97  4.97  20.48 
-5.0 4.80  20.48 
+5.0  5.17 20.50 
+5.0 
0 11.90 
-5.0 
+5.0 
0 10.90 
-5.0 
+5.0 
0 17.64 
-5.0 
+5.0 
0 35.00 
12.10 
3.90 
3.70 
4.20 
2.90 
3.10 
2.80 
9.64 
10.14 
8.87 
27.00 
21.55 
21.76 
21.70 
21.70 
22.00 
21 ,96 
21.96 
22.20 
22.25 
22.27 
20.57 
0 19.63  120.40 
-5.0  12.80 20.87 
+5.0 10.60 20.40 
0 12.97  4.97  20.48 
-5.0 4.80  20.48 
+5.0 5.17 20.50 
+5.0  12.10  21.55 
0 11.90  3.90  21.76 
-5.0 3.70  21.70 
.oca1 
I.L. 
ND 
L 
L 
L 
L 
L 
L 
CAL 
ND 
L 
L 
L 
L 
L 
L 
LT 
LT 
T 
T 
L 
ND 
L 
L 
L 
L 
L 
L 
CAL 
ND 
L 
L 
L 
Re6* -
1. 2183 
4.861 
1 . 2884 
1.881 
5. 70S3 
1.  6322 
1. 6583 
6.61 83 
1.  7554 
- ML 
5.96 
8.73 
9.49 
10.22 
6.67 
3.14 
5.96 
8.73 
9.49 
-75- 
Table I X .  (continued) 
25c 
26a 
26b 
26b 
27a-27b 
27c 
28a 
28 b 
28c 
29a-  29c 
30a 
30b 
3 Oc 
31 a 
31 b 
31 c 
32a-32c 
33a 
33b 
33c 
34a 
34b 
34c 
35a 
35b 
3 5c 
36a 
36b 
36c 
37a 
37 b 
37c 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
32.75 
0 
0 
0 
0 
0 
0 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
+5.0 4.20 
0 10.90  2.9  
-5.0 3.10 
+5.0 2.80 
+5.0  8. 7 
0 21.81 13.81 
-5.0 13.18 
+5.0 14.52 
0 14.82 6.82 
-5.0 6.81 
+5.0  6.87 
0 14.78  6.78 
-5.0 6.48 
+5.0  7.14 
0 15.60 7.60 
-5.0 8.25 
+5.0 7.10 
0 14.05  6.05 
-5.0 5.50 
+5.0 6.75 
0 1.2.16 4.16 
-5.0 4.50 
+5.0  3.90 
0 16.98  8.98 
-5.0  8.00 
0 10.57 2.57 
-5.0  2.55 
+5.0  2.6  
-76- 
21.70 
22.00 
21.96 
21 .96 
22.27 
23.70 
23.70 
23.63 
21 . 00 
20.86 
20.90 
20.42 
20.40 
20.45 
20.61 
20.63 
20.61 
20.91 
20.95 
20.92 
21.45 
21 .45 
21.43 
21  .65 
21.66 
21 .89 
21.90 
21 .89 
Local 
B.L. 
T 
T 
T 
T 
ND 
LT 
L 
L 
L 
ND 
L 
L 
L 
L 
L 
L 
CAL 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
ND 
L 
L 
L 
Re6* - 
2. 5634 
2.1 782 
1. 5 v 3  
1 . 9683 
2. 7503 
4.4713 
8.1 503 
3. 7623 
1  .5474 
- *L 
10.22 
5.42 
7.80 
7.79 
7.44 
8.18 
9.30 
6.90 
10.47 
Table I X  (continued) 
Case 
No. - 
38a 
38 b 
38c 
39a-39b 
39c 
40a-40c 
41 a 
41 b 
41 c 
42a-42c 
43a-43c 
44a 
44b 
44c 
45a 
45b 
45c 
46a 
46b 
46c 
47a 
47b 
47c 
48a 
48b 
48c 
49a 
49b 
49c 
50a 
50b 
50c 
XS 
(inches 1 
32.75 
32.75 
32.75 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
.67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
139.0 
139.0 
139.0 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180' 
180 
180 
180 
(d:g ) 
0 
-5.0 
+5.0 
+5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
-5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5 .O 
0 
-5.0 
+5.0 
13.25 
14.82 
15.60 
14.05 
12.16 
10.57 
13.25 
21.81 
5.25 22.10 
5.95 22.10 
4.75 22.10 
14.52  23.63 
6.82 21 .OO 
6.81 20.86 
6.87 20.90 
7.60 20.61 
8.25 20.63 
7.10 20.61 
6.05 20.91 
5.50 20.95 
6.75 20.92 
4.16 21.45 
4.50 21.45 
3.90 21.43 
8.00  21.66 
2.57 21.89 
2.55 21.90 
2.62 21.89 
5.25 22.10 
5.95 22.10 
4.75 22.10 
13.81 23.70 
13.18 23.70 
14.52 23.63 
Local 
B.L. 
L 
L 
L 
ND 
L 
ND 
L 
L 
L 
ND 
CAL 
L 
L 
L 
L 
L 
L 
L 
L 
L 
ND 
L 
ND 
L 
L 
L 
LT 
LT 
LT 
L 
L 
L 
. .  Res* - 
I .  0204 
2.1 733 
3. 9303 
6.4043 
1.16g4 
2.2214 
1  ,4614 
4.4922 
- ML 
8.69 
7.80 
7.44 
8.18 
9.30 
10.47 
8.69 
5.42 
-.77- 
Table I X  (continued) 
Case 
& 
51  a-  51 c 
52a 
52b 
52c 
53a 
53b 
53c 
54a- 54c 
55a 
55 b 
55c 
56a 
56b 
56c 
57a 
57b 
57 c 
58a-58c 
59a 
59b 
59c 
60a 
60b 
60c 
61 a 
61 b 
61 c 
62a-62c 
63a 
63b 
63c 
64a 
XS 
(inches) 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 . 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 
139.0 . 
139.0 
139.0 
139.0 
139.0 
139.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
0 14.82 6.82  21.00 
-5.0 6.81 20.86 
+5.0 6.87  20.90 
0 14.78  6.78  20.42 
-5.0 6.48  20.40 
+5.0 7.14  20.45 
0 15.60  7.60 
-5.0  8.25 
+5.0  7.10 
0 14.05  6.05 
-5.0 5.50 
+5.0 6.75 
0 12.’16  4. 6 
-5.0  4.50 
+5.0 3.90 
0 10.57 2.57 
-5.0  2.55 
+5.0 . 2.62 
0 13.25 5.25 
-5.0 5.95 
+5.0 4.75 
0 21.81 13.81 
-5.0 13.18 
+5.0  14.52 
20.61 
20.63 
20.61 
20.91 
20.95 
20.92 
21.45 
21.45 
21.43 
21.89 
21.90 
21.89 
22.10 
22.10 
22.10 
23.70 
23.70 
23.63 
0 14.82 6.82  21.00 
-5.0 ’ 6.81  20.8  
+5.0 6.87  20.90 
0 14.78 6.78 20.42 
Local 
B.L. 
ND 
L 
L 
L 
L 
L 
L 
CAL 
L 
L 
L 
L 
L 
L 
L 
L 
L 
ND 
T 
T 
T 
LT 
LT 
LT 
L 
L 
L 
ND 
L 
L 
L 
L 
Re,* ML 
”
3.1323  7.80 
4.063’ 7.79 
5.670’ 7.44 
9.2313  8.18 
1.  6854  9.30 
3 . 2 0 4 ~  10.47 
2.1 074  8.69 
4.91  1 5.42 
3 . W 3  7.80 
4.4423  7.79 
- 78- 
i 
Table IX (continued) 
Case 
No. 
64 b 
64c 
65a-65c 
66a 
66b 
66c 
67a 
67b ' 
67c 
68a 
68b 
68c 
69a- 69c 
70a 
70b 
70c 
71 a 
71 b 
71 c 
72a-75c 
76a 
76b 
76c 
77a 
77b 
77c 
78a 
78b 
78c 
79a 
79b 
7  9c 
166.0 
166.0 
,166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
180 -5.0  6.48 20.40 
180 
180 
180 0 15.60 7.60 20.61 
180  -5.0 8.25 20.63 
180 +5.0 7.10 20.61 
180 0 14.05 6.05 20.91 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
1 50 
-5.0 5.50 
+5.0 6.75 
0 12.16  4. 6 
-5.0 4.50 
+5.0  3.90 
0 10.57 2.57 
-5.0 2.55 
+5.0 2.62 
0 13.25 5.25 
-5.0 5.95 
+5.0 4.75 
150 0 
150 
150 +5.0 
150 0 
150 -5.0 
150 +5.0 
150 0 
150 -5.0 
150 
150 0 
150  -5.0 
150 +5.0 
14.15 
21.40  13.40 
15.00 
11.97 . 
12.08  4.08 
3.96 
15.99 7.99 
9.17 
6.90 
20.95 
20.92 
21 .45 
21 .45 
21 .43 
21.89 
21.90 
21.89 
22.10 
22.10 
22.10 
20.41 
20.40 
20.60 
20.60 
20.60 
20.90 
20.95 
21 .43 
21.40 
21.40 
Local 
B.L. " Re6* ML 
L 
ND 
CAL 
L 6. 2003 7.44 
L 
L 
L  1 .!log4 8.18 
L 
L 
L 1 .84Z4 9.30 
L 
L 
ND 
T 3.5034 10.47 
T 
T 
T 2.3(X4 8.69 
T 
LT 
ND 
L 1.963' 5.60 
ND 
L 
ND at O0 2.3933 5.47 L a t  -2" 
L 
ND a t  +5O 
L a t  +6O 
L 1 ~ 8 5 ~  9.30 
L 
ND 
T 8 . 6 ~ ~  7.30 
T 
T 
-79- 
Tab1 e I X  (con ti nued) 
Case 
No. - 
80a 
80b 
80c 
81 a 
81  b 
81 c 
82a 
82b 
82c 
( i n k e s  
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
150 
1 50 
150 
1 50 
150 
1 50 
150 
150 
1 50 
(d iq )  
-5.0 
0 
-5.0 
+5.0 
0 
-5.0 
+5.0 
4.42 
10.74 2.74 
2.84 
2.66 
19.16  1.16 
11.60 
10.40 
Local 
MoD B.L.  Res*  .ML - " 
ND 
21 .63 T 
ND 
21.88 T 3.36S4 10.34 
21.85 T 
21 .85  T 
22.08 '1 i: -30: 7.65S3 6.15 
22.05 T 
ND a t  +5O 
22.10 T a t  +70 
(Case Nos. 83-152 Measurements o f f  Windward Ray-Type a (See Section 4.3.3.2): 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
32.75 
32.75 
32.75 
32.75 
47.5 
47.5 
47.5 
47.5 
47.5 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
180 
180 
180 
180 
0 
0 
0 
0 
0 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
-30.09 
-25.42 
-19.68 
-1 2.77 
-76.22 
-45.36 
-27.72 
-21.04 
-15.73 
63.25 
68.34 
73.19 
-30.09 
-25.42 
-19.68 
-1 2.77 
-70.99 
-38.36 
-72.39 
19.55 13.45 
18.84 12.06 
8.06 10.71 
17.19 9.43 
8.78 3.33 
11.20 4.57 
14.89 7.80 
16.34 8.95 
17.50 9.88 
14.44 14.94 
12.78 13.61 
11.35 12.25 
19.55 13.45 
18.84 12.06 
18.06 10.71 
17.19 9.43 
9.25 3.90 
11.05 3.90 
8.98 3.29 
-80- 
20.6 
20.6 
20.6 
20.6 
22.16 
22.16 
22.00 
22.00 
22.00 
20.45 
20.49 
20.50 
20.61 
20.62 
20.62 
20.63 
20.93 
20.95 
21.66 
LT 
LT 
LT 
LT 
T. 
T 
T 
T 
LT 
L 
L 
LT 
LT 
T 
T 
LT 
L 
L 
L 
Case 
No. - 
102 
103 
1 04 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
1 28 
129 
130 
131 
132 
133 
(inches ) 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67 ..O 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
67.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 
88.0 . 
XS 
139.0 
139.0 
139.0 
Table I X  
&g) 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
180 
180 
180 
(cont i  nued) 
-83.12 
-57.56 
-24.77 
20.50 
51.60 
68.20 
79.07 
88.35 
-65.80 
-59.44 
-52.95 
-41.27 
-37.35 
-32.33 
-21.98 
-16.85 
- 9.08 
-34.49 
- 9.39 
- 5.49 
43.65 
48.66 
53.15 
81 .64 
86.53 
-43.10 
-31.48 
- 8.96 
37.60 
-38.49 
-32.20 
44.87 
-81 - 
8.78 
9.99 
10.41 
10.61 
10.42 
10.05 
9.33 
8.16 
10.62 
12.05 
13.49 
16.74 
17.26 
17.56 
16.95 
15.92 
14.53 
19.82 
23.65 
23.28 
14.88 
15.10 
15.12 
9.54 
8.50 
12.75 
12.08 
11.12 
9.94 
15.80 
15.16 
10.20 
(29) 
7.04 
3.73 
2.66 
2.78 
3.92 
5.61 
7.37 
9.09 
6.51 
8.10 
9.48 
11.76 
11.76 
11.39 
9.68 
8.28 
6.62 
14.49 
15.88 
15.35 
9.61 
10.91 
12.13 
11.87 
10.43 
6.55 
4.80 
3.16 
2.45 
10.05 
8.50 
3.12 
M - m 
21 .89 
21.90 
21 .91 
21.92 
21.92 
21 .93 
21.93 
21  .94 
22.05 
22.06 
22.07 
21.00 
21.01 
21.02 
21.03 
21.03 
21 .04 
20.70 
21 .58 
21.59 
21.80 
21 .81 
21.81 
21  .87 
21 -87 
22.02 
22.03 
22.04 
22.05 
21.44 
21 .44 
21 .45 
Local 
B.L. 
LT 
LT 
T 
LT . 
LT 
T 
T 
LT 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
LT 
T 
LT 
T 
T 
T 
T 
T 
L 
T 
- 
Table I X  (continued) 
Case 
No. -
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 ’ 
1 52 
(i n k e s  1 
139.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
150 
150 
150 
150 
150 
150 
150 
1  50 
(d& 1 
82.72 
23.74 
33.04 
56.00 
56.90 
59.30 
-75.64 
-72.08 
-68.47 
-56.53 
-52.48 
-84.13 
-66.06 
-62.18 
-57.63 
-53.22 
-38.47 
-26.53 
-22.48 
8.44 
17.83 
19.19 
18.20 
17.96 
17.22 
11.57 
12.58 
13.50 
15.93 
16.32 
8.56 
10.40 
13.83 
15.19 
16.56 
20.27 
21.20 
20.89 
(&) 
3.61 
10.78 
13.47 
19.10 
19.10 
18.98 
15.74 
16.03 
15.92 
14.85 
14.01 
5.96 
6.01 
12.93 
13.85 
14.69 
15.92 
14.85 
14.01 
M 
m - 
21 .45 
21 . 00 
21 . 00 
21.07 
21.10 
21 .ll 
21 .36 
21.37 
21 .38 
21.40 
21.40 
20.40 
20.40 
21 .33 
21.33 
21 .34 
21 .38 
21.40 
21.40 
Local 
B.L. 
T 
LT 
LT 
L 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
Case Nos. 153-175  Measurements o f f  Windward  Ray--Type  b  (See Section 4.3.3.2): 
153a 32.75 0 -26.41  36.35  32.40  24.44  L 
153b  47.5 0 -26.41  36.35  32.4 24.44 L 
153c  88.0 0 -26.41  36.35  32.4 24.44 L 
154a-154b ND 
154c  88.0 0 24.87 37.86 33.66 22.48 L 
155a  32.75 0 29.20  33.73  30.21 21.30 L 
155b  47.5 0 29.20  33.73  30.21  21.30 L 
155c 88.0 0 29.20  33.73 30.21  21.30 L 
156a  32.75 0 25.05 25.06 18.99  20.51 L 
156b 47.5 0 25.05 25.06  18.99  20.51 L 
156c  88.0 0 25.05  25.06 18.99  20.51 L 
-82- 
Case 
No. 
157a 
157b 
157c 
158a 
158b 
158c 
159a 
159b ' 
159c 
160a 
160b 
160c 
161a 
161b 
161c 
162a 
162b 
162c 
163a 
163b 
163c 
163d 
164a 
164b 
164c 
164d 
165a 
165b 
165c 
165d 
166a 
166b 
i n3es)  
32.75 
47.5 
88.0 
32.75 
47.5 
88.0 
32.75 
47.5 
88.0 
32.75 
47.5 
88.0 
32.75 
47.5 
88.0 
32.75 
47.5 
88.0 
32.75 
67.0 
139.0 
166.0 
32.75 
67.0 
139.0 
166.0 
32.75 
67.0 
139.0 
166.0 
32.75 
67.0 
Tab1 e I X  (con ti nued) 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
47.45 
47.45 
47.45 
26.04 
26.04 
26.04 
87.82 
87.82 
87.82 
-16.68 
-1 6.68 
53.15 
53.15 
53.15 
-56.27 
-56.27 
-56.27 
41.33 
41.33 
41 .33 
41.33 
31 .53 
31.53 
31.53 
31.53 
44.74 
44.74 
44.74 
44.74 
55.34 
55.34 
-83- 
14.34 
14.34 
14.34 
19.54 
19.54 
19.54 
8.28 
8.28 
8.28 
23.91 
23.91 
15.12 
15.12 
15.12 
13.18 
13.18 
13.18 
39.85 
39.85 
39.85 
39.85 
24.73 
24.73 
24.73 
24.73 
18.69 
18.69 
18.69 
18.69 
17.41 
17.41 
( 2 9 )  
9.49 
9.49 
9.49 
12.91 
12.91 
12.91 
12.93 
12.93 
12.93 
16.66 
16.66 
12.13 
12.13 
12.13 
9.50 
9.50 
9.50 
47.30 
47.30 
47.30 
47 .-30 
19.91 
19.91 
19.91 
19.91 
15.36 
15.36 
15.36 
15.36 
17.16 
17.16 
M 
m -
20.50 
20.50 
20.50 
20.84 
20.84 
20.84 
21.32 
21 .32 
21.32 
21 .56 
21.56 
21.81 
21 .81 
21 .81 
22.35 
22.35 
22.35 
25.40 
25.40 
25.40 
25.40 
23.35 
23.35 
23.35 
23.35 
20.40 
20.40 
20.40 
20.40 
20.45 
20.45 
Local 
B.L. 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
ND 
L 
L 
T 
L 
L 
T 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
- 
Cas e 
No. - 
166c 
166d 
167a 
167b 
167c 
167d 
168a 
I 6ab 
168c 
168d 
169 
170 
171 
172 
173 
174 
175 
I. . I 1.111 
X, 
(i nchesr 
139.0 
16640 
32.75 
67.0 
139.0 
166.0 
32.75 
67.0 
139.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
166.0 
.. . . . ~~ 
Table IX (continued) 
j:&) (des) 
JI 
180 55.34 
180 55.34 
180 -38.93 
180 -38.93 
180 -38.93 
180 -38.93 
180 -48.48 
180 -48.48 
180 -48.48 
180 -48.48 
1  50 10.45 
150 32.84 
150 -28.96 
150 53.74 
1 50 -26.53 
150 44.32 
150 -63.47 
17.41 
17.41 
20.20 
20.20 
20.20 
20.20 
16.38 
16.38 
16.38 
16.38 
43.24 
26.09 
26.77 
14.26 
21.20 
16.51 
12.53 
(&) 
17.16 
17.16 
15.94 
15.94 
15.94 
15.94 
12.88 
12.88 
12.88 
12.88 
36.01 
21.92 
21.75 
10.78 
14.85 
12.07 
10.43 
Local 
B.L. Ma - - 
20.45 L 
20.45 L 
20.60 L 
20.60 L 
20.60 L 
20.60 L 
21.40  L 
21 .40 L 
21 .40 LT 
21.40 T 
25.40 L 
20.42  L 
20.56  L 
21.00 L 
21.40 T 
21 .69 T 
22.25 T 
-84- 
10 
0 
Figure 1 
Fl ight 1 Vehicle Total Angle-of-Attack History 
1625.0  1630.0  1635.0  1640.0 ' 1645.0 
TIME AFTER LI.FTOFF, TAL0 (SEC) 
Figure  2a. F l i g h t   1   V e h i c l e   P o l a r  
Angle-of-Attack History 
1628.0  (1623.0 TAL0 1637.0) 
6a 
5a 
NEGATIVE YAW (DEG) 
\ 
-2c 
-3c 
NEGATIVE 
PITCH -4c 
(DEG) 
POSITIVE 
PITCH 
1630.0 
3"O 
POSITIVE YAW (DEG) 
1632.0 
-86- 
- .  - 
Figure 2b. Flight 1 Vehicle  Polar  Angle-of-Attack  History 
20 
2 
NEGATIVE YAW (DEG) 
\ \  
-8 
-1 2 
-1 6 
NEGATIVE 
POSITIVE 
PITCH 
(DEG) 
1638.0 
-87- 
Figure 3. F l i g h t  1   Vehic le   Rol l   At t i tude  History  
VEHICLE ROLL  RATE  APPROXIMATELY  CONSTANT  AT 15 RPM 
407 
1625.0  1630.0  1635.0  1640.0  1645.0 , 
TIME AFTER LIFTOFF, TAL0 (SEC) 
Figure 4. Definition of  Vehicle Attitude Angles 
+X,  Vehicle Axis 
+ V ,  Local Vertical 
I 
- - - L T"="-\ 
I +a "-+-, 
1 """ "- 
- 
V,, Velocity Vector 
Sensor 
Ray 
-Sensor Azimuthal Angle, +s 
Pitch angle-of-attack, a 
This i s  defined as the angle between the vehicle velocity vector and 
the vehicle axis, projected t o  l i e  i n  the plane of the trajectory. 
Vehicle nose pitch up is  posi t ive 
Yaw angle-of-attack, B 
This i s  defined as the angle between the plane of the trajectory and 
the vehicle axis projected t o  l i e  in the  plane formed by the vehicle 
velocity vector and the local horizontal . Vehicle nose yaw t o  the 
right of the trajectory as seen from the rear of the vehicle is 
posi t i  ve. 
Roll att i tude angle,  
This i s  defined as the angle of the roll  at t i  tude gyroscope. The 
roll  at t i tude is zero when the +Z axis o f  the vehicle lies i n  the 
plane of the trajectory and points upward. The roll  a t t i  tude angle i s  
positive when the vehicle rotates clockwise, as seen from the rear 
of the vehicle. 
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Figure 5. Acoustic Line for Beryllium  Sensor 
Figure 6. Packaged Beryllium  Acoustic  Sensor 
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Figure 7 .  Acoustic Sensor Locations 
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Figure 8. Pressure Gauge Block Diagram 
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Figure 9. Example of  Electrostatic  Probe  Current-Voltage 
C h a r a c t e r i s t i c  Measured under Laminar Flow 
Condi t ions- -F l ight  2 
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Figure 10.. Example o f  E l e c t r o s t a t i c  Probe Current-Vol tage 
Character is t ic  Measured  under  Laminar  Flow 
Condi t ions--Fl  i gh t 2 
- 94- 
- .  
FORWARD 
Y P E  50 PROBE FACE , 
T U N G S T E N  
ELECTROPROBES 
( P L A T I N U M  PLATE 
b) TYPE SE PROBE F 
T U N G S T E N  
ELECTRODES 
( P L A T I N U M  
PLATED) 
G R O U N D  
( T O   V E H l C l  
AND BASE 
STRUCTURE 
PLATE) 
.E 
\ 
f 
'1 
\ 
Be 0 
SLAB 
4 N E C  
/ 
IS 
I N S U L A T O R  
:TOR 
Figure 1 1 .  Schematic of Electrostatic Probe Designs 
, -95- 
" 
L 
A 
I 
V 
T lo2 
t 
10 
C 
U 
R 
R 1  
E 1  
N 
T 
D 
10 
T 
Y 
1 o3 
m N 
E 
&J 1 o4 
Figure 12. Example o f  Electrostatic Probe Saturation Current 
Density History--Flight 2 
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%LOCKWISE FROM-z AXIS, LOOKING FORWARD 
Figure 13. Flight 1 Electrostatic Probe Locations 
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* 
Clockwise from Z axis ,  looking-forward. 
Figure 14. Flight 2 Electrostatic Probe Locations 
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Figure 15. Typical  Calculated  Local  Angles-of-Attack and 
Sensor Angles Relat ive t o  the Windward Meridian 
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Figure 17. F1 ight  2 Sound Pressure Level and Local 
Angle-of-Attack Histories - Channel 4 Sensor 
X = 166", +s = 110" 
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Figure 18. Flight 2 Sound Pressure Level and Local 
Angle-of-Attack Histories - Channel 5 Sensor 
X = 166", I#I~ = 290' 
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Figure 19. Determination of Trans i t ion  A l t i tude  From  Base Pressure Response 
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Figure 20. Electrostatic Probe  Current-Vol tage Characteristic 
with Fluctuations o f  Type 1 (see Section 4.2.3)" 
F l i g h t  2 
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Figure 21. Electrostatic Probe Current-Voltage Characteristic 
with F1 uctuations o f  Type 2 (see Section 4.2.3)” 
Flight 2 
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F i g u r e  22. F1 i g h t  2 B o u n d a r y  Layer T r a n s i  ti on A1 ti tudes 
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Figure 23. Trans i t ion  A l t i tudes  Versu.s Veh ic le  Ax ia l  S ta t ion  for  
an Ablat ing Vehic le  (F l ight  3 )  
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Figure 24. Flight 1 Sound Pressure Level Data - Channel 3 Sensor 
X = 88", $s = 101 O 
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Figure 25. F l i g h t  1 Sound Pressure  Level  Data - Channel 4  Sensor 
X . =  166", os = 110' 
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F igure 26. F l i g h t  1 Sound Pressure  Level  Data - Channel  5 Sensor 
X = 166", +s = 290" 
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Figure 27 - F l i g h t  1 Surface  Pressure  Flu tuation and Tota l  
f \. and Local  Angle-of-Attack  Hi  stories . 
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Figure 28 
ul. 25 4 F l i g h t  1 Surface  Pressure  Fluct ation and Tots 
I I \  r\ . and Local  Angle-of-Attack  Histories 
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Figure 29 
Fl ight  1 Surface Pressure Fluctuation and Total 
Channel 5 Sensor, X = 166" , 0, = 290" 
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F igu re  30.  Comparison o f  Sound Pressure  Level  Data From F l i g h t s  1 and 2 
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Figure 31. F l ight  1 Base Pressure and Total Angle- 
of-Attack Variation With Altitude 
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Figure 32. Example o f  Electrostatic Probe Saturation Current 
Density History, Probe on os = O o ,  Flight 1 
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Figure 33. Example o f  Electrostatic Probe Saturation Current 
Density History, Probe on ,+s = 180", Flight 1 
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Figure 34. Example o f  Elec t ros ta t ic  Probe Current-Vol tage 
Character is t ic  Measured under Laminar Flow 
Condi tions--Fl i g h t  1 
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Figure 35. Example o f  Electrostatic Probe Current-Voltage 
Characteristic Measured  under Turbulent Flow 
Condi tions--Fliaht 1 
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Figure 36. Example o f  Onset o f  Fluctuations in Electrostatic 
Probe Current-Voltage Characteristic --Flight 1 
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F i g u r e  37. F l i g h t  1 Boundary   Layer   T rans i t ion  
A l t i t u d e s  Based on Thermocouple Data 
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Figure 39. I nv i sc id   Su r face   S t reaml ines   f o r  
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Figure 40. Inviscid  Streamlines for a Total 
Angle-of-Attack o f  28 Degrees 
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Fdgure 41.. Var ia t ion  of  Pressure  Coefficient 
' Along Inviscid  Streamlines 
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Figure  42.  Variation o f  Displacement  Thickness 
Along An Inviscid Streamline 
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Figure 43. Local Mach  Number As A 
Function o f  Azimuthal Angle 
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Figure 44. Local Reynolds Numbers As A 
Function o f  Azimuthal Ang?e 
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Figure 45. Variation o f  Local Flow Conditions and 
Corresponding Relation to Presumed 
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Figure 46. Var ia t ion  of Local Mach  Number  on the 
Windward Meridian with Total Angle-of-Attack 
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Figure 47. Variation o f  Local  Reynolds Number on the 
Windward Meridian w i t h  Total Angle-of-Attack 
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Figure 48. Correlation o f  Acoustic Sensor Transition Data with RX Versus ML 
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Figure 49. Correlation o f '  Acoustic Sensor Transition Data 
With R, Versus ML 
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Figu-e 50. Correlation of Acoustic Sensor Transition Data 
With R6* Versus ML 
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Figure 51. Correlation  of Electrostatic Probe Transition Data 
with R,* Versus ML 
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Figure 52. Correlat ion of Acoustic Sensor and E l e c t r o s t a t i c  
Probe Transi t ion Data w i t h  R6* Versus $ 
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OChannel  3 Sensor Sol i d  Symbols: 
P/qc>9xI 0-4 
UChannel 4 Sensor Flagged Symbols: 
3x1 0-5<?/qc<9~1 0 -4 
AChannel 5 Sensor Open Symbols: 
P/qc<3x10-5 
0 8 I % / / 1 
0 
0 "b 
1 1 1 ! I ,  
2 4 6 8 10 12 
LOCAL. MACH NUMBER, ML 
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APPENDIX A 
FLIGHT 2 THERMOCOUPLE TEMPERATURE HISTORY DATA 
Temperature h i s t o r i e s  o f  t h e  e i g h t  thermocouples on the  F l igh t  2 
vehicle are tabulated i n  t h i s  appendix. The temperature  data i n  degrees 
Fahrenheit are presented as a  f u n c t i o n  o f  t i m e  a f t e r  l i f t o f f ,  TAL0 i n  
seconds. Trajectory support,  data including the time, a l t i tude ,  veh ic le  
centerline angle-of-attack, and freestream Mach number, velocity, densfty, 
temperature and pressure are presented i n  Tables I and I1 o f  the 
addendum to  th i s  repo r t ,  Reference 3. 
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Table A I  
F l i g h t  2 Thermocouple Data 
Thermocouple -?io. ,145; X - =  -31.87". os = 225" 
TALO TEMP TALO TEMP TALO 'TEMP TALO TEMP 
(SEC) (OF) (SEC) . (OF) . . . (SEC) .(OF) (SEC) (OF) 
" ~ _  ~- "_ 
1608.0 51.71 
1609.0 51.71 
1609.2 51.71 
1609.3 54:17 
1609.4 54.17 
1609.5 54.17 
1609.6 54.17 
1609.7 54.17 
1609.8 54.17 
1609.9 54.17 
1610.0 54.17 
1610.1 54.17 
1610.2 54.17 
1610.3 54.17 
1610.4 54.17 
1610.5 54.17 
1610.6 54.17 
1610.7 54.17 
1610.8 54.17 
161 0.9 54.17 
1611 .O 54.17 
1611.1 54.17 
1611.2 54.17 
1611.3 54.17 
1611.4 54.17 
1611.5 93.59 
1611.6 54.17 
1611.7 54.17 
1611.8 93.59 
1611.9 54.17 
1612.0 54.17 
1612.1 54.17 
1612.2 54.17 
1612.3 56.64 
1612.4 56.64 
1612.5 56.64 
1612.6 56.64 
1612.7 56.64 
1612.8 56.64 
1612.9 56.64 
1613.0 56.64 
1613.1 56.64 
1613.2 56.64 
1613.3 56.64 
1613.4 56.64 
1613.5 56.64 
1613.6 56.64 
1613.7 56.64 
1613.8 56.64 
1613.9 56.64 
1614.0 59.10 
1614.1 59.10 
1614.2 59.10 
1614.3 59.10 
1614.4 59.io 
1614.5 59.10 
1614.6 59.10 
1614.7 59;lO 
1614.8 59.10 
1614.9 59.10 
1615.0 61.57 
1615.1 61.57 
1615.2 61.57 
1615.3 61.57 
1615.4 61.57 
1615.5 61.57 
1615.6 61.57 
1615.7 61.57 
1615.8 64.03 
1615.9 64.03 
1616.0 64.03 
1616.1 64.03 
1616.2 64.03 
1616.3 66.49 
1616.4 66.49 
1616.5 66.49 
1616.6 66.49 
1616.7 66.49 
1616.8 66.49 
1616.9 66.49 
1617.0 66.49 
1617.1 68.96 
1617.2 68.96 
1617.3 68.96 
1617.4 68.96 
1617.5 68.96 
1617.6 68.96 
1617.7 71.42 
1617.8 71.42 
1617.9 71.42 
1618.0 71.42 
1618.1 71.42 
1618.2 71.42 
1618.3 71.42 
1618.4 73.88 
1618.5 73.88 
1618.6 73.88 
1618.7 73.88 
1618.8 76.35 
1618.9 78.81 
1619.0 78.81 
1619.1 78.81 
1619.2 78.81 
1619.3 78.81 
1619.4 81.28 
1619.5 81.28 
1619.6 83.74 
1619.7 83.74 
1619.8 83.74 
1619.9 83.74 
1620.0 83.74 
1620.1 88.67 
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Table A I  (Continued) .' 
F1 i 'gh t  2 Thermocouple Data 
Thermocouple No. 145 
TALO  TEMP  TALO  TEMP  TALO  TEMP  TALO  TEMP 
(SEC) (OF) (SEC) . . ( O F )  . (SEC) (OF) (SEC) (OF) 
1620.2 
1620.3 
1620.4 
1620.5 
1620.6 
1620.7 
1620.8 
1620.9 
1621 .O 
1621.1 
1621.2 
1621.3 
1621.4 
1621.5 
1621.6 
1621.7 
1621.8 
1621.9 
1622.0 
1622.1 
1622.2 
1622.3 
1622.4 
1622.5 
1622.6 
1622.7 
1622.8 
1622.9 
88.67 
86.20 
86.20 
88.67 
91.13 
91.13 
91.13 
93.59 
93.59 
93.59 
93.59 
93.59 
96.06 
96.06 
98.52 
100.96 
100.96 
103.37 
105.78 
105.78 
105.78 
105.78 
108.18 
110.59 
110.59 
113.00 
115.40 
113.00 
1623.0 
1623.1 
1623.2 
1623.3 
1623.4 
1623.5 
1623.6 
1623.7 
1623.8 
1623.9 
1624.0 
1624.1 
1624.2 
1624.3 
1624.4 
1624.5 
1624.6 
1624.7 
1624.8 
1624.9 
1625.0 
1625.1 
1625.2 
1625.3 
1625.4 
1625.5 
1625.6 
1625.7 
115.40 
115.40 
117.81 
117.81 
117.81 
120.22 
122.62 
120.22 
125.03 
125.03 
125.03 
125.03 
127.44 
127.44 
129.84 
132.25 
134.66 
139.47 
137.06 
141.88 
141.88 
144.28 
144.28 
149.10 
151.50 
153.91 
156.32 
156.32 
1625.8 
1625.9 
1626.0 
1626.1 
1626.2 
1626.3 
1626.4 
1626.5 
1626.6 
1626.7 
1626.8 
1626.9 
1627.0 
1627.1 
1627.2 
1627.3 
1627.4 
1627.5 
1627.6 
1627.7 
1627.8 
1627.9 
1628.0 
1628.1 
1628.2 
1628.3 
1628.4 
1628.5 
156.32 
161.13 
161.13 
165.95 
165.95 
170.76 
173.17 
175.57 
175.57 
177.98 
182.79 
182.79 
187.61 
192.42 
192.42 
194.83 
194.83 
199.64 
202.05 
206.86 
209.27 
214.08 
214.08 
218.89 
221 .30 
223.71 
226.11 
230.93 
1628.6 
1628.7 
1628.8 
1628.9 
1629.0 
1629.1 
1629.2 
1629.3 
1629.4 
1629.5 
1629.6 
1629.7 
1629.8 
1629.9 
1630.0 
1630.1 
1630.2 
1630.3 
1630.4 
1630.5 
1630.6 
1630.7 
1630.8 
1630.9 
1631 .O 
1631.1 
1631.2 
1631.3 
233.33 
238.15 
238.15 
242.96 
245.37 
250.18 
250.18 
252.59 
257.40 
259.81 
262.21 
267.03 
271.84 
274.25 
279.06 
283.88 
288.69 
291.10 
298.31 
300.74 
308.10 
310.55 
315.46 
317.91 
325.28 
327.73 
332.64 
337.55 
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Tab1 e A I  (Con ti nued) 
F l i g h t  2 Thermocouple Data 
Thermocouple No. 145 
1631.4 
1631.5 
1631.6 
1631.7 
1631.8 
1631.9 
1632.0 
1632.1 
1632.2 
1632.3 
1632.4 
1632.5 
1632.6 
1632.7 
1632.8 
1632.9 
1633.0 
1633.1 
1633.2 
1633.3 
1633.4 
1633.5 
1633.6 
1633.7 
1633.8 
1633.9 
1634.0 
1634.1 
342.45 
349.82 
354.72 
359.63 
366.99 
374.36 
379.26 
384.17 
389.08 
396.44 
408.71 
416.07 
423.44 
430.80 
440.61 
452.88 
465.15 
484.79 
494.60 
506.68 
521 .OO 
532.94 
544.87 
559.19 
571.12 
585.44 
602.15 
616.47 
1634.2 
1634.3 
1634.4 
1634.5 
1634.6 
1634.7 
1634.8 
1634.9 
1635.0 
1635.1 
1635.2 
1635.3 
633.17 
647.49 
661.81 
685.68 
702.34 
723.36 
753.74 
765.42 
786.45 
812.15 
868.22 
905.57 
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Table A I  (Continued) 
F1 i g h t  2 Thermocouple Data 
Thermocouple No. 146, X = 77.45", 4s = 225' 
1608.0 
1609.0 
1609.1 
1609.2 
1609.3 
1609.4 
1609.5 
1609.6 
1609.7 
1609.8 
1609.9 
1610.0 
1610.1 
1610.2 
1610.3 
1610.4 
1610.5 
1610.6 
1610.7 
1610.8 
1610.9 
1611 .O 
1611.1 
1611.2 
1611.3 
1611.4 
1611.5 
1611.6 
68.96 1611.7 
68.81 1611.8 
108.18 1611.9 
69.10 1612.0 
68.96 1612.1 
68.96 1612.2 
68.96 1612.3 
68.96 1612.4 
68.96 1612.5 
68.96 1612.6 
68.96 1612.7 
68.96 1612.8 
68.96 1612.9 
68.96 1613.0 
68.96 1613.1 
68.95 1613.2 
71 -42 1613.3 
68.96 1613.4 
71.41 1613.5 
71.42 1613.6 
71.42 1613.7 
71.42 1613.8 
71.42 1613.9 
71.42 1614.0 
71.42 1614.1 
71.42 1614.2 
71.42 1614.3 
71.42 1614.4 
71.42 1614.5 
71.42 1614.6 
71.42 1614.7 
71.42 1614.8 
71.42 1614.9 
71.42 1615.0 
71.42 1615.1 
71.42 1615.2 
71.42 1615.3 
71.42 1615.4 
71.42 1615.5 
71.42 1615.6 
71.42 1615.7 
71.42 1615.8 
71.41 1615.9 
73.88 1616.0 
73.88 1616.1 
73.88 1616.2 
73.88 1616.3 
73.88 1616.4 
73.88 1616.5 
73.88 1616.6 
73.88 1616.7 
73.88 1616.8 
73.88 1616.9 
73.88 1617.0 
73.88 1617.1 
73.88 1617.2 
73.88 1617.3 
76.34 1617.4 
76.35 1617.5 
76.35 1617.6 
76.35 1617.7 
76.35 1617.8 
76.35 1617.9 
76.35 1618.0 
76.35 1618.1 
76.35 1618.2 
76.34 1618.3 
78.80 1618.4 
78.81 1618.5 
78.81 1618.6 
78.81 1618.7 
78.81 1618.8 
78.81 1618.9 
78.81 1619.0 
78.81 1619.1 
78.81 1619.2 
78.80 1619.3 
81.27 1619.4 
81.28 1619.5 
81.28 1619.6 
81.28 1619.7 
81.27 1619.8 
83.73 1619.9 
83.74 1620.0 
83.74 
83.73 
86.19 
86 L 20 
86.20 
86.20 
86.19 
88.66 
88.67 
88.67 
88.67 
88.67 
88.67 
88.67 
88.66 
91.12 
91.13 
91.12 
93.59 
93.59 
93.59 
93.59 
96.05 
96.06 
96.06 
96.06 
96.05 
98.51 
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Tab1 e AI (Continued) 
F l i g h t  2 Thermocouple Data 
Thermocoupl e No. 146 
TEMP 
(OF) 
1620.1 
1620.2 
1620.3 
1620.4 
1620.5 
1620.6 
1620.7 
1620.8 
1620.9 
1621 .O 
1621.1 
1621.2 
1621.3 
1621.4 
1621'. 5 
1621.6 
1621.7 
1621.8 
1621.9 
1622.0 
1622.1 
1622.2 
1622.3 
1622.4 
1622.5 
1622.6 
1622.7 
1622.8 
98.52 
98.52 
98.52 
98;  52 
98.52 
98.51 
100.95 
100.95 
103.36 
103.36 
105.77 
105.78 
105.78 
105.77 
108.17 
110.58 
110.59 
110.56 
117.80 
113.01 
112.99 
115.39 
115.40 
115.40 
115,39 
120.20 
120,22 
120.22 
1622.9 
1623.0 
1623.1 
1623.2 
1623.3 
1623.4 
1623.5 
1623.6 
1623.7 
1623.8 
1623.9 
1624.0 
1624.1 
1624.2 
1624.3 
1624.4 
1624.5 
1624.6 
1624.7 
1624.8 
1624.9 
1625.0 
1625.1 
1625.2 
1625.3 
1625,4 
1625.5 
1625.6 
120.22 
120.22 
120.22 
120.20 
125.02 
122.61 
127.42 
127.43 
129.84 
129.84 
129.84 
129.84 
132.22 
137.05 
137.06 
139.46 
139.46 
141.87 
141 .87 
144.28 
144.28 
146.67 
149.09 
149.09 
151.50 
151.50 
153.89 
156.31 
1625.7 
1625.8 
1625.9 
1626.0 
1626.1 
1626.2 
1626.3 
1626.4 
1626.5 
1626.6 
1626.7 
1626.8 
1626.9 
1627.0 
1627.1 
1627.2 
1627.3 
1627.4 
1627.5 
1627.6 
1627.7 
1627.8 
1627.9 
1628.0 
1628.1 
1628.2 
1628.3 
1628.4 
156.31 
158.71 
161.12 
161.12 
163.53 
163.54 
163.53 
165.94 
165.95 
165.94 
168.33 
170.75 
170.74 
175.55 
175.56 
177.97 
177.97 
180.36 
185.17 
187.60 
187.59 
192.40 
192.41 
194.81 
197.21 
202,02 
204,44 
206,85 
1628.5 
1628.6 
1628.7 
1628.8 
1628.9 
1629.0 
1629.1 
1629.2 
1629.3 
1629.4 
1629.5 
1629.6 
1629.7 
1629.8 
1629.9 
1630.0 
1630.1 
1630.2 
1630.3 
1630.4 
1630.5 
1630.6 
1630.7 
1630.8 
1630.9 
1631 .O 
1631.1 
1631.2 
TEMP 
(OF) 
206.85 
209.24 
214.05 
216.47 
218.88 
221 .28  
223.69 
226.10 
226.09 
233.30 
235.72 
238.13 
240.54 
242.94 
245.36 
245.34 
252.55 
254.99 
254.97 
262.18 
264.59 
271.81 
274.22 
277.88 
S99.68 
297.00 
303.12 
315.34 
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1631.3 
1631.4 
1631.5 
1631.6 
1631.7 
1631.8 
1631.9 
1632.0 
1632.1 
1632.2 
1632.3 
1632.4 
1632.5 
1632.6 
1632.7 
1632.8 
1632.9 
1633.0 
1633.1 
1633.2 
1633.3 
1633.4 
1633.5 
1633.6 
1633.7 
1633.8 
1633.9 
1634.0 
Table A I  (Continued) 
F l i g h t  2 Thermocouple Data 
Thermocouple No. 146 
334.92  1634.1 1140.08 
361.90  634.2  1182.34 
386.43 1634.3  1219.90 
415.86  1634.4  1259.78 
445.30  1634.5  1306.80 
474.71  1634.6 1354.47 
515.98  1634.7 1 04.51 
542.25  1634.8  1 56.97 
580.44  1634.9  1502.32 
604.36  1635.0  1 58.49 
628.25  163 .1 1619.57 
644.96  1635.2  1687.99 
668.78  1635.3  1760.83 
697.41 
723.20 
741.89 
767.58 
790.93 
81 8.95 
846.98 
877.36 
905.36 
933.20 
963.34 
995.81 
1030.59 
1067.72 
1102.55 
- 143- 
Table AI (continued) 
Fl igh t  2 Thermocouple Data 
Thermocouple No. 147, X = 123.53", = 225" 
1608.0 
1609.0 
1610.0 
1610.6 
1610.7 
1610.8 
1610.9 
1611.0 
1611.1 
1611.2 
1611.3 
1611.4 
1611.5 
1611.6 
1611.7 
1611.8 
1611.9 
1612.0 
1612.1 
1612.2 
1612.3 
1612.4 
1612.5 
1612.6 
1612.7 
1612.8 
1612.9 
1613.0 
55.96 1613.1 
55.96 1613.2 
55.96 1613.3 
55.95 1613.4 
57.45 1613.5 
57.46 1613.6 
57.46 1613.7 
57.46 1613.8 
57.46 1613.9 
57.46 1614.0 
57.46 1614.1 
57.46 1614.2 
57.46 1614.3 
57.46 1614.4 
57.46 1614.5 
57.46 1614.6 
57.46 1614.7 
57.46 1614.8 
57.46 1614.9 
57.46 1615.0 
57.46 1615.1 
57.46 1615.2 
57.46 1615.3 
57.45 1615.4 
58.95 1615.5 
58.96 1615.6 
58.96 1615.7 
58.96 1615.8 
58.96 1615.9 
58.96 1616.0 
58.96 1616.1 
58.96 1616.2 
58.96 1616.3 
58.96 1616.4 
58.96 1616.5 
58.96 1616.6 
58.96 1616.7 
58.95 1616.8 
60.45 1616.9 
60.46 1617.0 
60.46 1617.1 
60.46 1617.2 
60.46 1617.3 
60.46 1617.4 
60.46 1617.5 
60.46 1617.6 
60.46 1617.7 
60.46 1617.8 
60.46 1617.9 
60.45 1618.0 
61.94 1618.1 
61.96 1618.2 
61.96 1618.3 
61.95 1618.4 
63.44 1618.5 
63.45 1618.6 
63.45 1618.7 
63.45 1618.8 
63.45 1618.9 
63.45 1619.0 
63.45 1619.1 
63.45 1619.2 
63.44 1619.3 
64.94 1619.4 
64.95 1619.5 
64.95 1619.6 
64.94 1619.7 
66.44 1619.8 
66.45 1619.9 
66.45 1620.0 
66.45 1620.1 
66.44 1620.2 
67.94 1620.3 
67.95 1620.4 
67.95 1620.5 
67.95 1620.6 
67.94 1620.7 
69.43 1620.8 
69.44 1620.9 
69.44 1621 .O 
69.44 1621.1 
69.44 1621.2 
69.43 1621.3 
70.93 1621.4 
70.94 
70.94 
70.93 
72.42 
72.42 
73.93 
73.93 
75.43 
75.44 
75.44 
75.43 
76.92 
76.93 
76.93 
76.92 
78.42 
78.43 
78.43 
78.42 
79.92 
79.93 
79.92 
81.42 
81.42 
82.91 
82.91 
84.41 
84.41 
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Tab1 e A I  (Continued) 
F1 i g h t  2 Thermocouple Data 
Thermocouple No. 147 
1621.5 
1621.6 
1621.7 
1621.8 
1621.9 
1622.0 
1622.1 
1622.2 
1622.3 
1622.4 
1622.5 
1622.6 
1622.7 
1622.8 
1622.9 
1623.0 
1623.1 
1623.2 
1623.3 
1623.4 
1623.5 
1623.6 
1623.7 
1623.8 
1623.9 
1624.0 
1624.1 
1624.2 
85.90 1624.3 106.37 
87.41 1624.4 107.76. 
87.42 1624.5 109.16 
87.41 1624.6 109.16 
88.91 1624.7 110.54 
88.92 1624.8 111.93 
88.91 1624.9 111.93 
90.40 1625.0 113.31 
90.40 1625.1 114.70 
91.90 1625.2 116.09 
91.90 1625.3 117.48 
93.40 1625.4 118.88 
93.41 1625.5 118.88 
93.41 1625.6 120.26 
93.40 1625.7 121.66 
94.90 1625.8 121.66 
94.90 1625.9 123.04 
96.39 1626.0 124.42 
96.39 1626.1 125.81 
97.88 1626.2 127.21 
99.39 1626.3 127.22 
99.39 1626.4 127.22 
100.81 . 1626.5 127.22 
102.21 1626.6 127.21 
102.22 1626.7 128.59 
102.21 1626.8 129.97 
103.59 1626.9 132.75 
104.98 1627.0 134.15 
1627.1 
1627.2 
1627.3 
1627.4 
1627.5 
1627.6 
1627.7 
1627.8 
1627.9 
1628.0 
1628.1 
1628.2 
1628.3 
1628.4 
1628.5 
1628.6 
1628.7 
1628.8 
1628.9 
1629.0 
1629.1 
1629.2 
1629.3 
1629.4 
1629.5 
1629.6 
1629.7 
1629.8 
135.54 
136.92 
138.31 
139.69 
142.47 
143.87 
145.26 
146.65 
148.04 
149.41 
152.19 
153.59 
154.97 
157.75 
159.15 
160.52 
163.29 
166.08 
167.47 
170.25 
171.64 
174.41 
175.80 
178.57 
181.35 
184.14 
185.52 
188.29 
1629.9 
1630.0 
1630.1 
1630.2 
1630.3 
1630.4 
1630.5 
1630.6 
1630.7 
1630.8 
1630.9 
1631 .O 
1631.1 
1631.2 
1631.3 
1631.4 
1631.5 
1631.6 
1631.7 
1631.8 
1631.9 
1632.0 
1632.1 
1632.2 
1632.3 
1632.4 
1632.5 
1632.6 
191.05 
196.60 
200.72 
204.57 
216.13 
242.07 
268.15 
289.04 
306.93 
323.02 
340.36 
355.25 
367.64 
380.02 
392.38 
406.94 
420.06 
431 .95 
446.21 
461 .66 
479.52 
495.03 
507.93 
524.17 
541.61 
557.88 
576.45 
598.52 
-145- 
Tab1 e AI (Continued) 
F l i g h t  2 Thermocouple  Data 
Thermocouple No. 147 
1632.7 
1632.8 
1632.9 
1633.0 
1633.1 
1633.2 
1633.3 
1633.4 
7633.5 
1633.6 
1633.7 
1633.8 
1633.9 
1634.0 
1634'. 1 
1634.2 
1634.3 
1634 ,. 4 
1634.5 
1634.6 
1634.7 
1634.8 
1634.9 
1635.0 
1635.1 
1635.2 
1635.3 
620.15 
640.60 
662.18 
684 i 91 
705.29 
731.13 
760.40 
787.46 
872.17 
841 .09 
870.10 
900.20 
933.59 
965.90 
998.17 
1033  70 
1069.25 
1105.89 
1148.27 
1189.66 
1219.78 
1220.00 
1 220.00 
1220.00 
1220.00 
1220.00 
1220.00 
-1 46- 
Table A I -  (Continued) 
F l i g h t  2 Thermocouple Data'. 
Thermocouple No. 148, X = i69.62", +s = 225" 
1608.0 
1609.0 
1610.0 
1611 .O 
1612.0 
1613.0 
1613.2 
1613.3 
1613.4 
1613.5 
1613.6 
1613.7 
1613.8 
1613.9 
1614.0 
1614.1 
1614.2 
1614.3 
1614.4 
1614.5 
1614.6 
614.7 
614.8 
614.9 
615.0 
615.1 
61 5.2 
1615.3 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
31 .98 
33.50 
32.02 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
TALO 
(SEC) 
~~ 
1615.4 
1615.5 
1615.6 
1615.7 
1615.8 
1615.9 
1616.0 
1616.1 
1616.2 
1616.3 
1616.4 
1616.5 
1616.6 
1616.7 
1616.8 
1616.9 
1617.0 
1617.1 
1617.2 
1617.3 
1617.4 
1617.5 
1617.6 
1617.7 
1617.8 
1617.9 
1618.0 
1618.1 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
31.98 
33.48 
33.50 
33.51 
32.00 
33.48 
33.50 
33.48 
34.98 
35.00 
35.00 
34.98 
36.49 
35.01 
34.98 
36.46 
37 * 99 
36.51 
36.49 
36.49 
36.49 
1618.2 
1618.3 
1618.4 
1618.5 
1618.6 
1618.7 
1618.8 
1618.9 
1619.0 
1619.1 
1619.2 
1619.3 
1619.4 
1619.5 
1619.6 
1619.7 
1619.8 
1619.9 
1620.0 
1620.1 
1620.2 
620.3 
620.4 
620.5 
620.6 
620.7 
620.8 
1620.9 
36.49 
36.48 
37.96 
39.47 
39.49 
39.49 
39.51 
37.99 
39.49 
37.98 
40.94 
42.47 
42.48 
42.48 
42.48 
42.47 
43.98 
42.50 
42.47 
43.97 
43.98 
43.97 
45.46 
45.48 
45.48 
45.46 
46.96 
46.96 
1621 .O 
1621.1 
1621.2 
1621.3 
1621.4 
1621.5 
1621.6 
1621.7 
1621.8 
1621.9 
1622.0 
1622.1 
1622.2 
1622.3 
1622.4 
1622.5 
1622.6 
1622.7 
1622.8 
1622.9 
1623 .O 
1623.1 
1623.2 
1623.3 
1623.4 
1623.5 
1623.6 
1623.7 
48.46 
48.48 
48.48 
48.46 
49.96 
49.96 
51 .44 
52.97 
51.49 
51.18 
78.40 
53.26 
52.97 
52.95 
54.45 
54.45 
55.95 
55.95 
57.46 
55.97 
57.45 
57.46 
57.45 
58.91 
61.92 
61 .96 
61.96 
61 .94 
-1 47- 
Table AI (Con.tinued) 
F l igh t  ,2 Therm,ocouple Data 
Jhermocoupl e No. 148 
1623.8 
1623.9 
1624.0 
1624.1 
1624.2 
1624.3 
1624.4 
1624.5 
1624.6 
1624.7 
1624.8 
1624.9 
1625.0 
1625.1 
1625.2 
1625.3 
1625.4 
1625.5 
1625.6 
1625.7 
1625.8 
1625.9 
1626.0 
1626.1 
1626.2 
1626.3 
1626.4 
1626.5 
63.44 
63.45 
63.42 
66.42 
66.43 
67 -91 
69.43 
69.43 
70.93 
70.94 
70.91 
73.89 
75.42 
75.44 
75.42 
76.90 
78.40 
79.91 
79.93 
79.90 
82.89 
82.91 
84.41 
84.41 
85.90 
85.92 
85.90 
87.40 
1626.6 
1626.7 
1626.8 
1626.9 
1627.0 
1627.1 
1627.2 
1627.3 
1627.4 
1627.5 
1627.6 
1627.7 
1627.8 
1627.9 
1628.0 
1628.1 
1628.2 
1628.3 
1628.4 
1628.5 
1628.6 
1628.7 
1628.8 
1628.9 
1629.0 
1629.1 
1629.2 
1629.3 
87.40 
87.92 
179.92 
92. E9 
93.38 
94.89 
94.89 
96.36 
99.35 
100.80 
102.21 
102.21 
103.60 
103.60 
104.94 
109.12 
109.14 
111.90 
113.32 
113.32 
114.68 
117.45 
118.86 
120.22 
124.40 
124.42 
127.16 
129.92 
1629.4 
1629.5 
1629.6 
1629.7 
1629.8 
1629.9 
1630.0 
1630.1 
1630.2 
1630.3 
1630.4 
1630.5 
1630.6 
1630.7 
1630.8 
1630.9 
1631 .O 
1631.1 
1631.2 
1631.3 
1631.4 
1631.5 
1631.6 
1631.7 
1631.8 
1631.9 
1632.0 
1632.1 
134.02 
143.72 
149.31 
156.13 
172.69 
189.37 
204.39 
216.16 
226.59 
236.98 
250.00 
260.46 
269.56 
281 .25 
292.97 
304.45 
315.61 
325.54 
334.18 
346.51 
358.90 
370.05 
381.16 
394.73 
41 0.38 
424.70 
437.79 
452.04 
1632.2 
1632.3 
1632.4 
1632.5 
1632.6 
1632.7 
1632.8 
1632.9 
1633.0 
1633.1 
1633.2 
1633.3 
1633.4 
1633.5 
1633.6 
1633.7 
1633.8 
1633.9 
1634.0 
1634.1 
1634.2 
1634.3 
1634.4 
1634.5 
1634.6 
1634.7 
1634.8 
1634.9 
468.71 
483.02 
497.25 
517.02 
535.63 
555.39 
574.00 
593.75 
613.21 
632.49 
655.17 
679.03 
701.76 
724.27 
747.90 
771.52 
798.50 
826.43 
851 .OO 
877.75 
905.60 
935.65 
964.58 
996.86 
1026.85 
1061 .25 
1094.62 
1125.80 
-1 48- 
Tab1 e AI (Continued) 
Flight 2 Thertnocouple Data 
Thermocouple No. 148 
1635.0 1163.69 
1635.1 1200.73 
1635.2 1219.79 
1635.3 1220.00 
-149- 
Ta.ble A I  (Continued) 
F l i g h t  2 Thermocouple Data 
Thermocouple No,. 149, X = 31.87", I $ ~  = 315' 
1608.0 
1608.6 
1608.7 
1608.8 
1608.9 
1609.0 
1609.1 
1609.2 
1609.3 
1609.4 
1609.5 
1609.6 
1609.7 
1609.8 
1609.9 
1610.0 
1610.1 
1610.2 
1610.3 
1610.4 
1610.5 
1610.6 
1610.7 
1610.8 
1610.9 
1611 .O 
1611.1 
161 1.2 
49.25 1611.3 
49.25 1611.4 
49.21 1611.5 
51:71 1611.6 
49.28 1611.7 
49.21 1611.8 
51.71 1611.9 
49.28 1612.0 
49.21 1612.1 
51.67 1612.2 
51.71 1612.3 
51.71 1612.4 
51.71 1612.5 
51.71 1612.6 
51 -71 1612.7 
51.7i 1612.8 
51.71 1612.9 
51.71 1613.0 
51.71 1613.1 
51.71 1613.2 
51.71 1613.3 
51.71 1613.4 
51.71 1613.5 
51.71 1613.6 
51.71 1613.7 
51.71 1613.8 
51.71 1613.9 
51.71 1614.0 
51.71 1614.1 
51.71 1614.2 
51.71 1614.3 
51.71 1614.4 
51.71 1614.5 
51.71 1614.6 
51.71 1614.7 
51.71 1614.8 
51.71 1614.9 
51.68 1615.0 
54.14 1615.1 
54.17 1615.2 
54.17 1615.3, 
54.17 1615.4 
54.17 1615.5 
54.17 1615.6 
54.17 1615.7 
54.17 1615.8 
54.17 1615.9 
54.17 1616.0 
54.17 1616.1 
54.17 1616.2 
54.17 1616.3 
54.17 1616.4 
54.17 1616.5 
54.17 1616.6 
54.17 1616.7 
54.14 1616.8 
56.60 1616.9 
56.64 1617.0 
56.64 1617.1 
56.64 1617.2 
56.64 1617.3 
56.08 1617.4 
96.02 1617.5 
57.23 1617.6 
56.64 1617.7 
56.60 1617.8 
59.06 1617.9 
59.10 1618.0 
59.10 1618.1 
59.10 1618.2 
59.10 1618.3 
59.07 1618.4 
61.53 1618.5 
61.57 1618.6 
61.57 1618.7 
61.53 1618.8 
63.99 1618.9 
64.03 1619.0 
64.03 1619.1 
64.03 1619.2 
63.99 1619.3 
66.46 1619.4 
66.49 1619.5 
66.53 1619.6 
64.03 
66.46 
66.49 
66.49 
66.49 
66.46 
68.92 
68.96 
68.92 
71.38 
71.42 
71.42 
71.39 
73.85 
73.88 
73.88 
73.88 
73.88 
73.88 
73.85 
76.31 
76.35 
76.31 
78.74 
81.24 
81 .28 
81.28 
81 .28 
-1 50- 
TALO 
(SEC) - - . . , . . 
1619.7 
1619.8 
1619.9 
1620.0 
1620.1 
1620.2 
1620.3 
1620.4 
1620.5 
1620.6 
1620.7 
1620.8 
1620.9 
1621 .O 
1621.1 
1621.2 
1621.3 
1621.4 
1621.5 
1621.6 
1621.7 
1621.8 
1621.9 
1622.0 
1622.1 
1622.2 
1622.3 
1622.4 
- .  
-151- 
TEMP 
(OF) 
. "- - - ~ 
81.28 
81.28 
81.24 
83.70 
83.70 
86.17 
86.20 
86.17 
88.63 
88.67 
88.63 
91 .09 
91.13 
91.13 
91.10 
93.52 
96.02 
96.02 
98.48 
98.52 
98.49 
100.93 
100.93 
103.30 
105.77 
103.41 
103.33 
105.71 
Tab1 e AI (Continued) ' 
Flight 2 Thermocouple Data 
Thermocouple No. 149 
TALO TEMP TALO TEMP 
(SEC) ( " 0  (SEC)  (OF) 
~ 
1622.5 108.11 1625.3 151.43 
1622.6 110.55 1625.4 153.88 
1622.7 110.59 1625.5 153.91 
1622.8 110.59 1625.6 153.91 
1622.9 110.59 1625.7 153.88 
1623.0 110.55 1625.8 156.21 
1623.1 112.96 1625.9 161.02 
1623.2 113.00 1626.0 163.50 
1623.3 112.96 1626.1 163.50 
1623.4 115.30 1626.2 165.87 
1623.5 120.14 1626.3 168.28 
1623.6 120.18 1626.4 170.72 
1623.7 122.59 1626.5 170.72 
1623.8 122.59 1626.6 173.09 
1623.9 124.99 1626.7 175.50 
1624.0 125.03 1626.8 177.91 
1624.1 124.96 1626.9 180.35 
1624.2 129.74 1627.0 180.35 
1624.3 132.18 1627.1 182.72 
1624.4 134.62 1627.2 185.13 
1624.5 134.62 1627.3 187.50 
1624.6 137.03 1627.4 192.35 
1624.7 137.03 1627.5 192.39 
1624.8 139.40 1627.6 194.72 
1624.9 141.81 1627.7 199.57 
1625.0 144.21 1627.8 199.61 
1625.1 146.62 1627.9 201.94 
1625.2 149.03 1628.0 206.75 
TALO 
(SEC) 
1628.1 
1628.2 
1628.3 
1628.4 
1628.5 
1628.6 
1628.7 
1628.8 
1628.9 
1629.0 
1629.1 
1629.2 
1629.3 
1629.4 
1629.5 
1629.6 
1629.7 
1629.8 
1629.9 
1630.0 
1630.1 
1630.2 
1630.3 
1630.4 
1630.5 
1630.6 
1630.7 
1630.8 
TEMP 
( " 0  
209.16 
214.01 
214.05 
216.35 
223.60 
223.67 
225.97 
233.22 
233.27 
238.01 
242.89 
242.89 
247.60 
254.85 
257.36 
257.33 
262.11 
264.52 
269.29 
274.14 
276.58 
278.96 
283.73 
288.55 
293.36 
298.17 
303.05 
307.95 
Table AI (Continued) 
F l i g h t  2  Thermocouple . .  . Data 
Thermocouple No. 1 49 
1630.9 
1631 .O 
1631.1 
1631.2 
1631.3 
1631.4 
1631 - 5  
1631.6 
1631.7 
1631.8 
1631.9 
'1632.0 
1632.1 
1632.2 
1632.3 
1632.4 
1632.5 
1632.6 
1632.7 
1632.8 
1632.9 
1533.0 
i 633.1 
-! 633 * 2 
1633,3 
1633.4 
1533.5 
.! 672 I6 
312.86 
317.77 
322.71 
325.17 
330.01 
337 40 
339.93 
342 e 28 
352 I 05 
357 03 
361.91 
369.23 
376 I 63 
381 57 
386 ~ 45 
393.77 
401 -10 
410.84 
423.15 
430.51 
442-74 
452.60 
462 I 38 
474 61 
436 88 
499,12 
5 i 3 . 3 3  
530 09 
1633.7 
1633.8 
1633.9 
1634.0 
1634.1 
1634.2 
1634.3 
1634.4 
1634.5 
1634.6 
1634.7 
1634.8 
1634.9 
1635.0 
1635.1 
1635.2 
1635.3 
544.48 
556.42 
570.74 
582.60 
601 .66 
616.12 
625.60 
644.58 
661 .39 
673.19 
699.44 
711.14 
736.73 
755.69 
762.75 
778.99 
793.01 
-1 52- 
TALO 
(SEC) "__ 
1608.0 
1608.9 
1609.0 
1609.1 
1609.2 
1609.3 
1609.4 
1609.5 
1609.6 
1609.7 
1609.8 
1609.9 
1610.0 
161 0.1 
161 0.2 
1610.3 
1610.4 
1610.5 
1610.6 
1610.7 
1610.8 
1610.9 
1611 .O 
1611.1 
1611.2 
1611.3 
1611.4 
1611.5 
Table A I  (Continued) 
F1 i g h t  2 Thermocouple Data 
Thermocouple No. 150, X = 77.45", 4s = 315" 
68.96 1611.6 
68.96 1611.7 
68.91 1611.8 
71.37 1611.9 
71.42 1612.0 
71.42 1612.1 
71.42 1612.2 
71.42 1612.3 
71.42 1612.4 
71.42 1612.5 
71.42 1612.6 
71.42 1612.7 
71.42 1612.8 
71.42 1612.9 
71.42 1613.0 
71.42 1613.1 
71.42 1613.2 
71.42 1613.3 
71.42 1613.4 
71.42 1613.5 
71.42 1613.6 
71.42 1613.7 
71.42 1613.8 
71.42 1613.9 
71.42 1614.0 
71.42 1614.1 
71.42 1614.2 
71.42 1614.3 
71.42  1614.4 
71.42 1614.5 
71.42 1614.6 
71.42 1614.7 
71.42 1614.8 
71.42 1614.9 
71.42 1615.0 
71.42 1615.1 
73.84 1615.2 
73.88 1615.3 
73.88 1615.4 
73.88 1615.5 
73.88 1615.6 
73.88 1615.7 
73.88 1615.8 
73.88 1615.9 
73.88 1616.0 
73.88 1616.1 
73.88 1616.2 
73.88 1616.3 
73.88 1616.4 
73.88 1616.5 
73.88 1616.6 
73.88 1616.7 
73.84 1616.8 
76.30 1616.9 
76.35 1617.0 
76.35 1617.1 
76.35 1617.2 
76.35 1617.3 
76.35 1617.4 
76.35 1617.5 
76.35 1617.6 
76.35 1617.7 
76.35 1617.8 
76.35 1617.9 
76.30 1618.0 
78.76 1618.1 
78.81 1618.2 
78.81 1618.3 
78.81 1618.4 
78.81 1618.5 
78.81 1618.6 
78.81 1618.7 
78.81 1618.8 
78.81 1618.9 
78.81 1619.0 
78.81 1619.1 
81.23 1619.2 
81.23 1619.3 
81.23 1619.4 
81.23 1619.5 
81.23 1619.6 
81.23 1619.7 
81.23 1619.8 
81.23 1619.9 
83.74 
81 .28 
83.69 
83.74 
83.74 
83.74 
83.70 
86.16 
86.20 
86.16 
88.66 
86.21 
88.58 
91.13 
88.67 
91.13 
88.71 
88.62 
91.08 
91.13 
91.13 
91.09 
93.55 
93.59 
93.55 
96.01 
96.06 
96.01 
- 153- 
Tab1 e AI (Con ti nued) 
F l igh t  2 Thermocouple Data 
Thermocouple No. 150 
1620.0 
1620.1 
1620.2 
1620.3 
1620.4 
1620.5 
1620.6 
1620.7 
1620.8 
1620.9 
1621.0 
1621.1 
1621.2 
98.47 
98.52 
98.52 
98.52 
98.48 
100.92 
100.96 
100.92 
103.32 
103.37 
103.37 
103.37 
103.33 
1622.8 
1622.9 
1623.0 
1623.1 
1623.2 
1623.3 
1623.4 
1623.5 
1623.6 
1623.7 
1623.8 
1623.9 
1624.0 
122.62 
122.58 
124.98 
125.03 
125.03 
124.99 
127.39 
127.39 
129.80 
129.80, 
132.21 
132.25 
132.21 
1625.6 
1625.7 
1625.8 
1625.9 
1626.0 
1626.1 
1626.2 
1626.3 
1626.4 
1626.5 
1626.6 
1626.7 
1626.8 
156.27 
156.28 
158.64 
161.04 
163.49 
163.54 
163.50 
165.86 
168.26 
170.67 
173.08 
175.48 
177.85 
1628.4 
1628.5 
1628.6 
1628.7 
1628.8 
1628.9 
1629.0 
1629.1 
1629.2 
1629.3 
1629.4 
1629.5 
1629.6 
213.99 
213.99 
218.76 
221 .25 
221 .22 
226.02 
226.07 
228.39 
233.24 
233.29 
235.65 
238.02 
242.87 
1621.3  105 73  1624.1 61 1626.9 182 70 29.7 42 88 
1621.4 
1621.5 
1621.6 
1621.7 
1621.8 
1621.9 
1622.0 
1622.1 
1622.2 
1622.3 
1622.4 
1622.5 
1622.6 
1622.7 
105.78 
105.. 73 
108.14 
108.14 
110.54 
110.55 
112.91 
115.36 
115.36 
117.76 
117.77 
120.17 
120.17 
122.58 
1624.2 
1624.3 
1624.4 
1624.5 
1624.6 
1624.7 
1624.8 
1624.9 
1625.0 
1625.1 
1625.2 
1625.3 
1625.4 
1625.5 
134.66 
134.66 
134.62 
136.98 
139.38 
141.79 
144.28 
141.84 
146.60 
146.69 
146.61 
151.41 
151.46 
153.82 
1627.0 
1627.1 
1627.2 
‘1 627.3 
1627.4 
1627.5 
1627.6 
1627.7 
1627.8 
1627.9 
1628.0 
1628.1 
1628.2 
1628.3 
182.79 
182.75 
185.11 
187.56 
187.52 
192.33 
192.38 
194.70 
199.55 
199.60 
201 .96 
204.32 
209.17 
209.18 
1629.8 
1629.9 
1630.0 
1630.1 
1630.2 
1630.3 
1630.4 
1630.5 
1630.6 
1630.7 
1630.8 
1630.9 
1631 .O 
1631.1 
247.64 
250.05 
254.86 
257.31 
259.63 
266.89 
266.94 
271 .62 
278.88 
281 .42 
281.34 
288.42 
295.69 
300.51 
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Table AI (Continued) 
F1 i g h t  2 Thermocouple Data 
Thermocouple No. 150 
1631.2 307.66  1634.0  1122.57 
1631.3  324.47 1634.1 1160.04 
1631.4 351.19 1634.2 1202.29 
1631.5  82.53 1634.3  1239.90 
1631.6 
1631.7 
1631.8 
1631.9 
1632.0 
1632.1 
1632.2 
1632.3 
1632.4 
1632.5 
1632.6 
1632.7 
1632.8 
1632.9 
1633.0 
1633.1 
1633.2 
1633.3 
1633.4 
1633.5 
1633.6 
1633.7 
1633.8 
1633.9 
441.30 
478.66 
508.05 
534.44 
556.06 
575.20 
594.12 
622.62 
648.92 
675.17 
701 .43 
724.84 
748.25 
769.16 
799.31 
832.10 
857.90 
885.81 
91 8.34 
948.55 
978.59 
1015.66 
1048.15 
1085.18 
1634.4 
1634.5 
1634.6 
1634.7 
1634.8 
1634.9 
1635.0 
1635.1 
1635.2 
1279.58 
1329.20 
1376.87 
1426.80 
1481  .61 
1532.51 
1588.56 
1649.45 
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Table A I  (Continued) 
F l i g h t  2 Thermocouple Data 
Thermocouple No. 151, X = 123.53", = 315" 
1608.0 
1608.9 
1609.0 
1609.1 
1609.2 
1609.3 
1609.4 
1609.5 
1609.6 
1609.7 
1609.8 
1609.9 
1610.0 
1610.1 
1610.2 
1610.3 
1610.4 
1610.5 
1610.6 
1610.7 
1610.8 
1610.9 
1611.0 
1611.1 
1611.2 
1611.3 
1611.4 
1611.5 
61.57 1611.6 
61.51 1611.7 
63.97 1611.8 
64.08 1611.9 
61.57 1612.0 
63.97 1612.1 
64.03 1612.2 
64.03 1612.3 
64.03 1612.4 
64.03 1612.5 
64.03 1612.6 
64.03 1612.7 
64.03 1612.8 
64.03 1612.9 
64.03 1613.0 
64.03 1613.1 
64.03 1613.2 
64.03 1613.3 
64.03 1613.4 
64.03 1613.5 
64.03 1613.6 
64.03 1613.7 
64.03 1613.8 
64.03 1613.9 
64.03 1614.0 
64.03 1614.1 
64.03 1614.2 
64.03 1614.3 
64.03 1614.4 
64.03 1614.5 
64.03 1614.6 
64.03 1614.7 
64.03 1614.8 
64.03 1614.9 
64.03 1615.0 
64.03 1615.1 
64.03 1615.2 
64.03 1615.3 
64.03 1615.4 
64.03 1615.5 
64.03 1615.6 
63..98 1615.7 
66.44 1615.8 
66.49 1615.9 
66.49 1616.0. 
66.49 1616.1 
66.49 1616.2 
66.49 1616.3 
66.49 1616.4 
66.49 1616.5 
66.49 1616.6 
66.49 1616.7 
66.49 1616.8 
66.49 1616.9 
66.49 1617.0 
66.49 1617.1 
-1 56- 
66.44 1617.2 
68.90 1617.3 
68.96 1617.4 
68.96 1617.5 
68.96 1617.6 
68.96 1617.7 
68.96 1617.8 
68.96 1617.9 
68.96 1618.0 
68.96 161 8.1 
68.96 1618.2 
68.96 1618.3 
68.96 1618.4 
68.96 1618.5 
68.96 1618.6 
68.96 1618.7 
68.96 1618.8 
68.90 1618.9 
71.36 1619.0 
71.42 1619.1 
71.42 1619.2 
71.42 1619.3 
71.42 1619.4 
71.42 1619.5 
71.42 1619.6 
71.42 1619.7 
71.42 1619.8 
71.42 1619.9 
71 .37 
73.83 
73.88 
73.88 
73.88 
73.88 
73.83 
76.29 
76.35 
76.35 
76.35 
76.35 
76.35 
76.30 
78.76 
78.81 
78.81 
78.81 
78.81 
78.81 
78.81 
78.76 
81 .22 
81.28 
81 .22 
83.68 
83.74 
83.74 
Table A I  (Continued) 
F1 i g h t  2 Thermocouple Data 
Thermocouple No. 151 
1620.0 
1620.1 
1620.2 
1620.3 
1620.4 
1620.5 
1620.6 
1620.7 
1620.8 
1620.9 
1621 .O 
1621.1 
1621.2 
1621.3 
1621.4 
1621.5 
1621.6 
1621.7 
1621.8 
1621.9 
1622.0 
1622.1 
1622.2 
1622.3 
1622.4 
1622.5 
1622.6 
1622.7 
83.74 
83.69 
86.15 
86.20 
86.20 
86.20 
86.15 
88.61 
88.67 
88.67 
88.67 
88.67 
88.67 
88.61 
91.07 
91.13 
91.08 
93.54 
93.54 
96.00 
96.06 
96.06 
96.01 
98.47 
98.52 
98.47 
100.91 
100.96 
1622.8 
1622.9 
1623.0 
1623.1 
1623.2 
1623.3 
1623.4 
1623.5 
1623.6 
1623.7 
1623.8 
1623.9 
1624.0 
1624.1 
1624.2 
1624.3 
1624.4 
1624.5 
1624.6 
1624.7 
1624.8 
1624.9 
1625.0 
1625.1 
1625.2 
1625.3 
1625.4 
1625.5 
100.91 , 
103.31 
103.37 
103.37 
103.32 
105.72 
105.78 
105.73 
108.13 
108.18 
108.13 
110.53 
110.59 
110.59 
110.54 
112.94 
112.95 
115.35 
115.35 
117.76 
117.76 
120.16 
120.22 
120.17 
122.52 
124.98 
124.98 
127.38 
1625.6 
1625.7 
1625.8 
1625.9 
1626.0 
1626.1 
1626.2 
1626.3 
1626.4 
1626.5 
1626.6 
1626.7 
1626.8 
1626.9 
1627.0 
1627.1 
1627.2 
1627.3 
1627.4 
1627.5 
1627.6 
1627.7 
1627.8 
1627.9 
1628.0 
1628.1 
1628.2 
1628.3 
127.39 
129.74 
132.09 
137.05 
132.31 
134.55 
136.86 
144.02 
148.89 
153.70 
158.51 
163.33 
168.14 
173.00 
175.57 
173.22 
173.17 
173.17 
173.17 
173.11 
175.52 
175.52 
177.92 
177.93 
180.28 
182.69 
185.14 
185.15 
1628.4 
1628.5 
1628.6 
1628.7 
1628.8 
1628.9 
1629 .O 
1629.1 
1629.2 
1629.3 
1629.4 
1629.5 
1629.6 
1629.7 
1629.8 
1629.9 
1630.0 
1630.1 
1630.2 
1630.3 
1630.4 
1630.5 
1630.6 
1630.7 
1630.8 
1630.9 
1631 .O 
1631.1 
187.50 
189.96 
189.96 
1 92 .'31- 
194.72 
197.13 
199.58 
199.59 
201.94 
204.40 
204.35 
209.10 
211.62 
211.62 
213.97 
21 6.33 
220.99 
230.50 
240.18 
247.20 
266.13 
287.78 
307.29 
324.57 
339.35 
354.08 
368.85 
381.18 
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Table AI (Continued) 
F1 i ght  2 Thermocouple Data 
Thermocouple No. 151 
1631.2  93.29  1634.0  1043.15 
1631.3  4 2.86 1634.1 1080.26 
1631.4  427.70 1634.2 1117.55 
1631.5 
1631.6 
1631.7 
1631.8 
1631.9 
1632.0 
1632.1 
1632.2 
1632.3 
1632.4 
1632.5 
1632.6 
442.42 
457.14 
471 .82 
488.99 
503.61 
51 9.92 
553.25 
572.62 
594.04 
61 5.57 
634.62 
658.48 
1632.7 677.73 
1632.8 694.40 
1632.9 715.28 
1633.0 743.21 
1633.1 768.96 
1633.2 794.61 
1633.3 822.65 
1633.4 848.35 
1633.5 876.24 
1633.6 908.78 
1633.7 941.26 
1633.8 973.74 
1633.9 1006.13 
1634.3 
1634.4 
1634.5 
1634.6 
1634.7 
1634.8 
1634.9 
1635.0 
1635.1 
1157.40 
1197.21 
1241.65 
1288.48 
1338.32 
1388.28 
1442.90 
1502.53 
1561.13 
Tab1  e A I  (Con ti nued) 
F l i g h t  2 Thermocouple Data '' 
Thermocouple No. 152, X = 169.62", = 315" 
1608.0 
1609.0 
1610.0 
1611 .O 
1612.0 
1613.0 
1614.0 
1615.0 
1616.0 
1616.1 
1616.2 
1616.3 
1616.4 
1616.5 
1616.6 
1616.7 
1616.8 
1616.9 
1617.0 
1617.1 
1617.2 
1617.3 
1617.4 
1617.5 
1617.6 
1617.7 
1617.8 
1617.9 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
32.00 
31.94 
34.40 
34.46 
34.46 
34.46 
34.46 
34.46 
34.46 
34.46 
34.46 
34.46 
34.46 
34.46 
34.40 
36.86 
36.93 
36.93 
36.93 
36.93 
1618.0 
1618.1 
1618.2 
1618.3 
1618.4 
1618.5 
1618.6 
1618.7 
1618.8 
1618.9 
1619.0 
1619.1 
1619.2 
1619.3 
1619.4 
1619.5 
1619.6 
1619.7 
1619.8 
1619.9 
1620.0 
1620.1 
1620.2 
1620.3 
1620.4 
1620.5 
1620.6 
1620.7 
36.93 
36.87 
39.32 
39.39 
39.39 
39.39 
39.39 
39.39 
39.39 
39.39 
39.39 
39.33 
41 .79 
41.86 
41.86 
41.86 
41.80 
44.25 
44.32 
44.32 
44.32 
44.32 
44.26 
46.72 
46.78 
46.78 
46.78 
46.72 
1620.8 
1620.9 
1621 .O 
1621.1 
1621.2 
1621.3 
1621.4 
1621.5 
1621.6 
1621.7 
1621.8 
1621.9 
1622.0 
1622.1 
1622.2 
1622.3 
1622.4 
1622.5 
1622.6 
1622.7 
1622.8 
1622.9 
1623.0 
1623.1 
1623.2 
1623.3 
1623.4 
1623.5 
49.18 
49.25 
49.25 
49.25 
49.25 
49.25 
49.19 
51.64 
51 .71 
51 .65 
54.11 
54.11 
56.57 
56.64 
56.64 
56.58 
59.03 
59.10 
59.10 
59.04 
61 .50 
61 .57 
61.57 
61.57 
61.57 
61 .51 
63.96 
64.03 
1623.6 
1623.7 
1623.8 
1623.9 
1624.0 
1624.1 
1624.2 
1624.3 
1624.4 
1624.5 
1624.6 
1624.7 
1624.8 
1624.9 
1625.0 
1625.1 
1625.2 
1625.3 
1625.4 
1625.5 
1625.6 
1625.7 
1625.8 
1625.9 
1626.0 
1626.1 
1626.2 
1626.3 
63.97 
66.43 
66.49 
66.49 
66.43 
68.89 
68.96 
68.96 
68.90 
71.41 
68.96 
71.35 
71.42 
71.36 
73.82 
73.76 
78.68 
78.75 
81  .27 
78.82 
81  .21 
81.22 
83.67 
83.68 
86.08 
88.48 
93.34 
98.27 
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